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Abstract
Accurate values of electric dipole (E1) amplitudes along with their uncertainties for a number of transitions among
low-lying states of Mg+, Ca+, Sr+, and Ba+ are listed by carrying out calculations using a relativistic all-order many-
body method. By combining experimental wavelengths with these amplitudes, we quote transition probabilities, oscillator
strengths and lifetimes of many short-lived excited states of the above ions. The uncertainties in these radiative properties
are also quoted. We also give electric quadrupole (E2) and magnetic dipole (M1) amplitudes of the metastable states
of the Ca+, Sr+, and Ba+ ions by performing similar calculations. Using these calculated E1, E2 and M1 matrix
elements, we have estimated the transition probabilities, oscillator strengths and lifetimes of a number of allowed and
metastable states. These quantities are further compared with the values available from the other theoretical studies and
experimental data in the literature. These data will be immensely useful for the astrophysical observations, laboratory
analysis and simulations of spectral properties in the above considered alkaline-earth metal ions.
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1. Introduction
Spectroscopic properties of singly charged alkaline-earth metal ions are very demanding in many areas of physics.
In recent years, these ions have emerged as the potential candidates to perform high precision experiments of funda-
mental importance. This is owing to the fact that they provide long observational time in addition to development of
innovative techniques to trap and laser cool them. As a result, precise measurements of lifetimes of atomic states [1],
light shifts [2], branching ratios [3] and many other fundamental properties [4–6] of these ions have been carried out.
This has also led to consider these ions for quantum state manipulation experiments [7, 8], making atomic clocks [9],
studying parity non-conservation effects [5], probing Lorentz symmetry violations [10, 11], investigating nuclear charge
radii [12, 13] etc.. Frequency standards based on the optical transitions of laser cooled singly charged Ca+ [14, 15] and
Sr+ [16–18] ions are expected to reach systematic fractional uncertainties of 10−18. All these high-precision experiments
require accurate estimate of systematics due to the stray electromagnetic radiations in the experiments; mainly due to
the Stark, Zeeman, quadrupole and black-body radiation shifts. These effects can be estimated with the knowledge of
electromagnetic transition amplitudes. Another important application that demands accurate values of radiative prop-
erties is in astrophysics, where abundance of different atomic elements can be found out by investigating emission and
absorption spectra of galaxies and disks surrounding the stars and other stellar objects [19–22].
In recent years, several groups have carried out calculations of radiative properties such as the transition rates,
oscillator strengths, lifetimes and branching ratios of several states of alkaline-earth-metal ions using a variety of many-
body methods both in the non-relativistic and relativistic frameworks. Semi-empirical calculations were performed by
Theodosiou to determine lifetimes of the (5-7)S1/2, (4-6)P3/2,1/2, (4,5)D5/2,3/2 and 4F7/2,5/2 states of the alkaline-earth
metal ions [23]. The oscillator strengths due to electric dipole (E1) amplitudes of the S−P , P−D, andD−F transitions in
the Mg+, Ca+, Sr+ and Ba+ ions were determined using the scaled Thomas-Fermi-Dirac (TFD) wave functions with the
spin-orbit interactions by Warner [24]. The relativistic pseudo-potential approach was adopted by Hafner and Schwarz
[25] for the evaluation of the E1 transition probabilities of many low-lying transitions of the Ca+ ion. Calculations of
the oscillator strengths for a number of transitions among the low-lying states of the Mg+ and Ca+ and Sr+ ions were
carried out by Mitroy and Zhang by diagonalizing the semi-empirical Hamiltonian in a large dimension single electron
basis [26, 27]. The multi-configuration Hartree-Fock (MCHF) method was employed by Vaeck et al. to obtain the
radiative lifetimes and oscillator strengths for the different transitions of low-lying levels in Ca+ [28]. A systematic study
of atomic properties in Ca+ was conducted by Safronova et al. using a relativistic all-order method [29]. Relativistic
coupled-cluster (RCC) method was applied to calculate the lifetimes, ionization potentials and polarizabilities of the 4S
and 3D states of this ion by Sahoo et al. [30]. There are many other groups who have reported transition probabilities
for some of the important transitions of Ca+ at different level of approximations [31–38]. Using the Super Structure
code, Bautista et al. have evaluated oscillator strengths, transition rates, and electron-impact excitation-rate coefficients
for Sr+ [39]. A relativistic Hartree-Fock (HF) method with core-polarization potential calculations of the oscillator
strengths of the lower 5S1/2 − 5P3/2,1/2 transitions in Sr
+ and 6S1/2 − 6P3/2,1/2 transitions in Ba
+ have been presented
by Migdalek and Baylis [40]. Lifetime calculations for the 6P3/2,1/2 states of Ba
+ were carried out by Sahoo et al. [41]
and Safronova et al. [42].
There have been many measurements of the radiative properties of the singly charged alkaline-earth-metal ions
reported by many groups around the world. Measurements of the transition probabilities of many spectral lines of Ca+
2
have been performed by Aguilera et al. using the laser-induced breakdown spectroscopy based CSigma graphs [31]. The
transition probability for the 4P1/2 − 4S1/2 transition of this ion has also been given by Hettrich et al. [43] in 2015 by
comparing measurements of dispersive and absorptive light ion interactions. Also for Sr+, Likforman et al. [44] and Zhang
et al. [45] reported the transition probabilities of the 5P − 5S and 5P − 4D transitions in 2016 by using photon-counting
sequential method and nested sequences of population inversion method, respectively. Absolute transition probabilities
of the low-lying transitions in Ba+ have been measured by Kastberg et al. using optical nutation method [46], Gallagher
et al. [47] using Hanle-effect technique and Woods et al. [48] using resonant excitation Stark ionization spectroscopy.
Recently, Arnold et al. [49] and Zhang et al. [50] used laser spectroscopy to measure branching fractions for the decays
from the 6P1/2 and 6P3/2 states, respectively in Ba
+. Lifetime measurements of the 3P3/2 state of Mg
+ and 4P3/2 state
of Ca+ are carried out by Smith and Gallagher using the Hanle-effect technique [51]. The lifetime of the 3P3/2 state of
Mg+ is reported by Herrmann et al. in 2009 [52] using frequency metrology on single trapped ions. The Hanle-effect
technique was adopted by Gallagher to measure the lifetimes of the 5P3/2,1/2 states in Sr
+, and the 6P3/2,1/2 states in
the Ba+ ion [47]. The beam-foil excitation technique was used by Andersen et al. to measure the transition probabilities
of the 5S − 4P , 4D − 4P and 5D − 4P states, and the lifetimes of the 4D and 5D states in Ca+ ion [53]. Later, the
influence of the cascading effects to these measurements was analyzed and revised values of the lifetimes of the above
states were given by Emmoth et al. [54]. Lifetime for the 4P1/2 state of Ca
+ was reported by Hettrich et al. [43] by
comparing measurements of dispersive and absorptive light ion interactions. Also, Meir et al. [55] reported a recent
lifetime measurement of the 4P3/2 state using induced light shift and scattering rate on a single trapped Ca
+ ion. A
beam pulsed dye laser experiment was conducted by Kuske et al. to measure the lifetimes of the resonance levels of the
5P3/2,1/2 states in Sr
+ and the 6P3/2,1/2 states in Ba
+ [56]. Lifetime measurements using the laser-induced fluorescence
have been carried out by the group of Pinnington to determine the lifetimes of the 4F7/2,5/2 and 5P3/2,1/2 levels of Sr
+,
and the 4F7/2,5/2, 6P3/2,1/2 and 7P3/2,1/2 levels of Ba
+ [57]. The experimental values of the lifetimes of the 4P3/2 and
6P3/2 states of the Ca
+ and Ba+ ions, respectively, are reported by Rosner et al. [58]. Again, the branching ratios of
the decay probabilities from the 6P3/2 state of Ba
+ have been measured by Kurz et al. [3]. The most recent lifetime
measurements of the 6P3/2,1/2 states in Ba
+ are given by Arnold et al. [49] and Zhang et al. [50].
The aforementioned literature data mainly focus on the transitions among the low-lying states, while information on
the radiative properties of the higher excited states are scarce. In this Data Table, we provide accurate values of the
E1 amplitudes for a large number of transitions in the Mg+, Ca+, Sr+ and Ba+ alkaline-earth-metal ions by employing
a relativistic all-order method. Particularly, we present the E1 matrix elements of the qP3/2,1/2 − q
′S1/2 transitions
with q = 3 − 5 and q′ = 3 − 6, the mD5/2,3/2 − m
′P3/2,1/2 transitions with m = 3 − 6 and m
′ = 3 − 5, and the
nF7/2,5/2 − n
′D5/2,3/2 transitions with n = 4, 5 and n
′ = 3− 6 in Mg+; the qP3/2,1/2 − q
′S1/2 transitions with q = 4− 6
and q′ = 4 − 7, the mD5/2,3/2 −m
′P3/2,1/2 transitions with m = 3 − 6 and m
′ = 4 − 6, and the nF7/2,5/2 − n
′D5/2,3/2
transitions with n = 4, 5 and n′ = 3 − 6 in Ca+; the qP3/2,1/2 − q
′S1/2 transitions with q = 5 − 8 and q
′ = 5 − 8, the
mD5/2,3/2−m
′P3/2,1/2 transitions with m = 4−7 and m
′ = 5−8, and the nF7/2,5/2−n
′D5/2,3/2 transitions with n = 4, 5
and n′ = 4−7 in Sr+; and the qP1/2,3/2−q
′S1/2 transitions with q = 6−8 and q
′ = 6−9, and the mD5/2,3/2−m
′P3/2,1/2
transitions with m = 5− 8 and m′ = 6− 8 in Ba+. Along with, we have calculated the electric quadrupole (E2) and the
magnetic dipole (M1) amplitudes between the transitions involving the ground and the metastable states of the Ca+,
Sr+ and Ba+ ions. Combining all the above E1, E2 and M1 matrix elements with the experimental wavelengths (by
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deriving from the experimental energies), we have determined the oscillator strengths, the transition probabilities and
the lifetimes of the metastable states and many excited states of the above ions. We list these values along with other
available experimental and theoretical results in different tables.
In Sec. 2, we present theoretical formulae for evaluating the transition probabilities, the oscillator strengths and the
lifetimes of atomic states. We also briefly discuss about the relativistic all-order method employed by us for calculating
the transition matrix elements in this section. In Sec. 3, we discuss the approach for giving the recommended transition
matrix elements and the uncertainties associated with them. All the obtained data, results from the earlier works and
discussions are presented in Sec. 4. This follows by conclusion in Sec. 5. All the results are given in atomic units (a.u.)
unless otherwise stated explicitly.
2. Theory and Method of Calculation
We give below the general formulae for the transition probabilities and oscillator strengths for the E1, E2, and M1
decay channels, and the lifetimes of atomic states. Then, we mention about the procedures adopted for calculating
atomic wave functions and the transition matrix elements.
2.1. Transition probabilities, oscillator strengths and lifetimes
The E1 transition probability (AE1vk ) in inverse second (s
−1) from an upper level |Ψv〉 with angular momentum Jv to
a lower level |Ψk〉 with angular momentum Jk in terms of the fundamental constants is given by [59]
AE1vk =
2
3
αcpiσ ×
(
ασ
R∞
)2
×
SE1
gv
, (1)
where R∞ =
α2mec
2h is the Rydberg constant, α =
e2
4πǫ0~c
is the fine structure constant, c is the speed of light and σ =
Ev−Ek is the energy difference between the upper (Ev) and lower (Ek) levels of the transition, and S
E1 = |〈Jv||D||Jk〉|
2
is the line strength with D =
∑
j dj = −e
∑
j rj being the electric dipole (E1) operator with position of j
th electron
rj . By substituting the values of fundamental constants and wavelength (λ) of the transition in A˚, A
E1
vk is conveniently
determined using the following formula [60]
AE1vk =
2.02613× 1018
gvλ3
× SE1, (2)
where, the degeneracy factor gv = 2Jv + 1 for the corresponding state and line strength S
E1 is in atomic units (a.u.).
Similarly, the E2 transition probability (AE2vk ) between the |Ψv〉 and |Ψk〉 states is given by
AE2vk =
1
120
αcpiσ ×
(
ασ
R∞
)4
×
SE2
gv
, (3)
with the E2 line strength SE2 = |〈Jv||Q||Jk〉|
2 for the E2 operator Q =
∑
j qj = −
e
2
∑
j(3z
2
j − r
2
j ). Using λ in A˚ and
SE2 in a.u, it can be estimated using the formula
AE2vk =
1.1199× 1018
gvλ5
× SE2. (4)
Also, the M1 transition probability (AM1vk ) is given by
AM1vk =
1
6
α3cpiσ ×
(
ασ
R∞
)2
×
SM1
gv
(5)
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with the M1 line strength SM1 = |〈Jv||M||Jk〉|
2 for the M1 operator M =
∑
j ςj =
∑
j(lj + 2sj)µB . Here, lj and sj are
the orbital and spin angular momentum operators for the jth electron, respectively, and µB is the Bohr magneton. By
converting λ in A˚ and SE2 in a.u, we can determine AM1vk as
AM1vk =
2.69735× 1013
gvλ3
× SM1. (6)
Using the above transition probabilities, the absorption oscillator strengths fOkv for the transition operator O repre-
senting the corresponding E1, E2 and M1 operators are calculated as [59, 60]
fOkv =
(
R∞
2cα3pi
)
gv
gk
×
AOvk
σ2
= 1.4992× 10−16 ×
gv
gk
AOvkλ
2. (7)
This follows that
fE1kv =
1
3α
(
ασ
R∞
)
×
SE1
gk
=
303.756
gkλ
× SE1, (8)
fE2kv =
1
240α
(
ασ
R∞
)3
×
SE2
gk
=
167.90
gkλ3
× SE2 (9)
and
fM1kv =
α
12
(
ασ
R∞
)
×
SM1
gk
=
0.00404386
gkλ
× SM1. (10)
It can be noted that the emission oscillator strength for a transition can be deduced from its absorption oscillator strength
due to the corresponding transition operator O by using the relation
fOvk = −
gk
gv
fOkv. (11)
For the evaluations of the above quantities, we have used the values of the fundamental constants as α = 7.297352×10−3,
c = 29979245800 cm s−1 and R∞ = 1.0973731× 10
5 cm−1 from Ref. [61].
After determining transition probabilities due to all possible decay channels from a state |Ψv〉, its lifetime (τv) is
estimated by
τv =
1∑
O,k A
O
vk
(12)
in s, where sum over O means all possible decay channels and sum over k represents all possible lower states than the
states for which lifetime is estimated. As it can be observed from Eqs. (2) to (6), transition probability due to E1 channel
contributes predominantly as compared to the other two channels (several orders magnitudes higher). Therefore, we
neglect contributions due to E2 and M1 transition probabilities in the estimations of lifetimes of the short-lived excited
states. However, the lifetimes of the metastable states are evaluated from the combined transition probabilities of all
possible E2 and M1 channels.
2.2. Relativistic all-order method
For accurate evaluation of the transition matrix elements, we determine atomic wave functions by using a relativistic
all-order method. We refer to Refs. [62–65] for the detailed description of this method, which is also described briefly
here. In this approach, wave function of an atomic state having a closed-shell configuration and a valence orbital is
expressed by considering singles and doubles excitations (SD method) as
|Ψv〉SD =
1 +∑
ma
ρmaa
†
maa +
1
2
∑
mnab
ρmnaba
†
ma
†
nabaa +
∑
m 6=v
ρmva
†
mav +
∑
mna
ρmnvaa
†
ma
†
naaav
 |Φv〉, (13)
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where |Φv〉 is the mean-field wave function constructed as |Φv〉 = a
†
v|0c〉 with |0c〉 representing the Dirac-Hartree-Fock
(DHF) wave function, the second quantization a†i and ai operators represent as the creation and annihilation operators
with the indices m,n, · · · and a, b · · · referring to the unoccupied and occupied orbitals, respectively, while the index
v designates for the valence orbital. In the above expression, ρma and ρmv correspond to the single hole-particle and
valence-particle excitation coefficients, respectively, and ρmnab and ρmnva are the double hole-particle and valence-hole–
particle excitation coefficients, respectively. These excitation coefficients are obtained by solving the Dirac equation
including the electron-nucleus and electron-electron Coulomb interactions self-consistently in an iterative procedure.
The resulting expansion coefficients are further used to calculate the matrix elements. Contributions from the next
leading order effects are evaluated using partial triple excitations in the SD method (SDpT method) by defining
|Ψv〉SDpT ≈ |Ψv〉SD +
[
1
6
∑
mnrab
ρmnrvaba
†
ma
†
na
†
rabaaav +
1
18
∑
mnrabc
ρmnrabca
†
ma
†
na
†
racabaa
]
|Φv〉, (14)
where the triple excitation ρmnrvab and ρmnrabc coefficients are determined in a perturbative procedure. To obtain the
DHF wave function, we use 70 B-splines of order k = 11 for each angular momentum. The basis set orbitals are defined
on a non-linear grid and are constrained to a large spherical cavity of a radius R = 220 a.u.. This choice of spline and
cavity radius ensures accommodation of all valence orbitals considered in this work.
2.3. Evaluation of matrix elements
The matrix element of a one-body operator O between the states |Ψv〉 and |Ψw〉 is evaluated as
Ovw =
〈Ψv|O|Ψw〉√
〈Ψv|Ψv〉〈Ψw|Ψw〉
, (15)
where O corresponds to either of the E1, E2 or M1 operators. After substituting SD and SDpT form of wave functions
given by Eqs. (13) and (14), respectively, in the above expression, we obtain results as explicit sum of core, core-
valence and valence correlation contributions. The numerator does not have any contribution from core correlation as
the states involved in these matrix element calculations have different valence orbital. It can be divided into the DHF
term and 20 other terms containing electron correlation effects that are either linear or quadratic functions in excitation
coefficients [66]. Among them, only two terms give dominant contributions to nearly all the transitions
O(a)vw =
∑
ma
(oamρ˜vmwa + omaρ˜
∗
wmva) (16)
and
O(c)vw =
∑
m
(ovmρmw + omwρ
∗
mv), (17)
where ρ˜vmwa = ρvmwa−ρmvaw and ∗means complex conjugate term. In the many-body theory terminology, O
(a)
vw andO
(c)
vw
account for the electron core-polarization and Bru¨ckner pair-correlation effects respectively. In the SD approximation,
O
(a)
vw includes core-polarization effects to all-orders like the random phase approximation. However, O
(c)
vw is complete only
up to third-order but it misses out some of the important contributions corresponding to the fourth-order relativistic
many-body perturbation theory (RMBPT). Using the wave functions from the SDpT method, these missing contributions
are included perturbatively. In the end, the other omitted correlation contributions are estimated by scaling the calculated
wave functions by analyzing the ratio of the experimental to theoretical correlation energies. We present results as ODHF,
6
OSD and OSDpT by using wave functions from the DHF, SD, and SDpT methods, respectively. When the scaled wave
functions from the SD and SDpT methods are used for the matrix element evaluations, the corresponding results are
quoted as OSDsc and O
SDpT
sc , respectively. We estimate the recommended values for matrix elements by comparing the
ratio R = O
(c)
vw/O
(a)
vw . For R >1, results from the SD scaled wave functions are considered as the final values; otherwise
results from the SD calculations are given as the final values. More details on this procedure can be found in Refs.
[62, 66]. These final values are quoted as OFinal in different tables.
3. E1, E2 and M1 matrix elements
The E1 matrix elements calculated using the DHF, SD, SDsc, SDpT and SDpTsc methods for a number of P − S,
D− P and F −D transitions of the Mg+, Ca+, Sr+ and Ba+ alkaline-earth metal ions are listed in Tables A, B, C and
D, respectively. Since the present work focuses mostly on the allowed transitions, reliability in the calculations of E1
matrix elements are verified by performing calculations by using both length and velocity gauge expressions. The single
particle wave function for a orbital v (denoted by |jvmjv 〉 with orbital angular momentum j and its azimuthal quantum
number mjv ) in the relativistic theory has the form
|jvmjv 〉 =
1
r
iGv(r)|χκv ,mjv (θ, φ)〉
Fv(r)|χ−κv ,mjv (θ, φ)〉
 , (18)
where Gv(r) and Fv(r) are the large and small component of the Dirac wave function, respectively. Here, |χκv ,mjv (θ, φ)〉
with relativistic angular momentum κv corresponds to angular factor that takes into account the spin-orbit coupling and
is responsible of ensuring selection rules in the calculations. In terms of the single particle orbital wave functions, the
reduced matrix element of the E1 operator between |jvmjv 〉 and |jwmjw 〉 is given by
〈jv||d||jw〉 =
3
k
〈κv||C1||κw〉
∫ ∞
0
dr {j1(kr)[Gv(r)Gw(r) + Fv(r)Fw(r)
+ j2(kr)
[
κv − κw
2
[Gv(r)Fw(r) + Fv(r)Gw(r)] + [Gv(r)Fw(r) − Fv(r)Gw(r)]
]}
(19)
in the length gauge and
〈jv||d||jw〉 =
3
k
〈κv||C1||κw〉
∫ ∞
0
dr
{
−
κv − κw
2
[
dj1(kr)
dkr
+
j1(kr)
kr
]
× [Gv(r)Fw(r) +Gv(r)Fw(r)] +
j1(kr)
kr
[Gv(r)Fw(r) − Fv(r)Gw(r)]
}
(20)
in the velocity gauge. In the above expression, k = ωα with the emitted photon energy ω of the transition, Cn is the
normalized spherical harmonic of rank n and jl(x) is a spherical Bessel function of order l, which is given by
jl(x) =
xl
1 · 3 · 5 · · · (2l+ 1)
. (21)
About 84 number of E1 transitions each for Mg+ and Ca+, 104 number of E1 transitions for Sr+ and 60 number of
E1 transitions for Ba+ are calculated in this work. We have compared results from both the length and velocity gauge
expressions using the SD and SDpT methods in the above tables. A very good agreement is seen among both set of results
for most of the cases except in a very few transitions involving the high-lying excited states. This can be understood as
7
it is well known that convergences in the velocity gauge results are usually achieved after including a large configuration
space in the calculations. Thus, it would be imperative to take into account contributions from triple excitations to get
better match between both gauge results, but it is beyond the scope of present work. We also list our final recommended
values for these E1 matrix elements along with their estimated uncertainties in the same tables. We have established
these uncertainties based on the ratio R [67]. If R lies in range 0.5 <R <1.5, then uncertainty is evaluated as the
maximum difference between the final value of matrix element and the other three all-order values. However, if 1.5 <R
<3, then final uncertainty is estimated as max(SDsc - SD, SDsc - SDpT, SDsc - SDpTsc). Also, the final uncertainty
is calculated as max(SDsc - SDpT, SDsc - SDpTsc) if R >3. For a few transitions large differences between the results
from the length and velocity gauge expressions are observed. It can be noticed that in such cases large uncertainties
have been quoted. This ensures that our approach of estimating uncertainties to the E1 matrix elements are reliable.
We have also evaluated matrix elements only for a few forbidden transitions involving the ground and metastable
states of the considered ions. For the E2 transitions, the reduced matrix element is evaluated using the length gauge
expression given by
〈jv||q||jw〉 =
15
k2
〈κv||C2||κw〉
∫ ∞
0
dr {j2(kr)[Gv(r)Gw(r) + Fv(r)Fw(r)]
+ j3(kr)
[
κv − κw
3
[Gv(r)Fw(r) + Fv(r)Gw(r)] + [Gv(r)Fw(r) − Fv(r)Gw(r)]
]}
. (22)
Similarly, the M1 reduced matrix element is evaluated by using the expression
〈jv||ς ||jw〉 =
6
αk
〈−κv||C1||κw〉
∫ ∞
0
dr
(κv + κw)
2
j1(kr)[Gv(r)Fw(r) + Fv(r)Gw(r)]. (23)
In Table E, we list the calculated E2 and M1 matrix elements for the nD5/2,3/2−(n+1)S1/2 and nD5/2−nD3/2 forbidden
transitions, where n = 3, 4 and 5 for Ca+, Sr+ and Ba+, respectively. For the E2 and M1 transitions, we present matrix
elements only from the DHF and SD methods and the uncertainties are estimated in the similar procedure as for the E1
transitions. Since we found the uncertainties are extremely small (beyond the significant digits) for the M1 transitions,
we have not quoted them explicitly.
4. Data analysis and Discussion
We have determined the transition probabilities, oscillator strengths and lifetimes of different states using the tran-
sition matrix elements discussed above. We have neglected contributions from the forbidden transition probabilities in
the estimation of lifetimes of the allowed transitions. All these results are discussed below. We have also compared our
results with the available experimental and other theoretical results that are reported in the literature.
4.1. E1 transition related properties
With the aid of recommended set of our E1 matrix elements and experimental energies, we determine the transition
wavelength λ, line strengths Svk, transition probabilities Avk and oscillator strengths fkv for various allowed transitions
in the considered alkaline earth-metal ions. The results of our calculations are summarized in Tables F, G, H and I for
Mg+, Ca+, Sr+ and Ba+ ions, respectively. To further show the accuracy of the present calculations, we compare our
Avk and fkv results with National Institute of Standards and Technology Atomic Spectra Database (NIST ASD) [35]. In
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general, our results show very good agreement with the results given in the NIST ASD for Mg+ except for 6D− (4, 5)F ,
5D − 4F and 6D − 3P transitions. However, we notice that matrix elements from both the length and velocity gauge
expressions are in good agreement with each other, which emphasizes the reliability of our results. From Table G,
we find that our data agrees with the values available in the NIST ASD for all levels in Ca+ with exception of the
4P3/2 − 3D5/2, 5P3/2,1/2− 3D3/2 and 6P3/2,1/2− 3D3/2,5/2 transitions. We also notice from Table H that our results for
Sr+ ion are generally in good agreement with the results available in Ref. [35] except for the 6P3/2 − 5S1/2 transition.
A similar disagreement between our numbers from Table I and those given in the NIST ASD are observed for the
(6, 7, 8)P − 5D, 9S − 6P , 8D − 6P and 7P − 6S transitions in Ba+. However, as discussed next in this section, our
results for the 6P − 5D transitions in Ba+ are in very good agreement with other theoretical and experimental literature
available.To our knowledge, no data can be found in literature to verify accuracy of results for the other transitions. So,
we suggest further experimental and theoretical analysis for the transition probabilities of these transitions in Ba+. Also,
comparisons are made for our estimated Avk coefficient with some existing experimental data and previous calculations
for Mg+, Ca+, Sr+ and Ba+ in Tables J, K, L and M, respectively.
We compare the transition probabilities of Mg+ with available theoretical HF calculations by Usta [68], MCHF
calculations by Fischer et al. [69], semi-empirical calculations by Theodosiou et al. [70] and empirical calculations by
Sofia et al. [71] in Table J. We have found that our estimated values are in perfect accord with these previously reported
values. Also, the transition probabilities calculated by Majumder et al. [72] by employing RCC theory are in excellent
accord with our calculated values except for 5D3/2−5P3/2,1/2 transitions. Transition probabilities are not explicitly given
in this paper. So, these values are obtained from the oscillator strengths values for these transitions given therein. Along
with the theoretical calculations, a very good agreement is found with beam-laser measurements of Ansbacher et al. [73]
and measurement by Herrmann et al. [52] using frequency metrology on single trapped ions for the 3P3/2,1/2 − 3S1/2
transitions. Also, the transition probabilities of the 4P3/2,1/2−3S1/2 transitions agree well with the measurements made
by Fitzpatrick [74].
In Table K, the results for Avk of Ca
+ are compared with the previous calculations from the relativistic all-order
method [29], RCC method [30], TFD method [32, 34], RMBPT [36] and Brueckner approximation [37]. Our results match
well with the results of other relativistic all-order work by Safronova et al. [29]. We also do not notice any significant
discrepancies between our results and other calculations. The observed small differences among them may be arising
due to different approximations made in the employed many-body methods in various works. It can be seen in the above
table that for the 5S−4P , 4D3/2−4P1/2 and 4D5/2−4P3/2 transitions, the experimental results by Andersen et al. [53],
who have used beam-foil excitation method, and Augilera et al. [31] who have used laser-induced breakdown spectroscopy
based on CSigma graphs agree very well with our calculations, except for the results for 5D5/2 − 4P3/2 transition. But,
we notice from the table that the results for this transition from the available two experimental measurements give
substantially different values. So, it is difficult to press upon the validity of the Avk values for this transition using these
experimental results. Some disagreements between our results and the experimental results reported by Augilera [31]
for the 4D3/2 − 4P3/2, 6S1/2 − 4P3/2 and 5D5/2,3/2 − 4P3/2,1/2 transitions are seen. We have been unable to compare
our predicted results for these transition with any other experimental results because of their unavailability in literature.
However, we noticed a reasonable agreement of our numbers with other theoretical values for these states. Our estimated
value for the 4P1/2 − 4S1/2 transition matches well with the recent experimental result by Hettrich et al. [43].
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The transition probabilities for Sr+ are compared in Table L with RMBPT calculations by Guet et.al. [36]. Our
estimated values are in perfect agreement with these values. Whereas, in the same table, a disagreement can be noticed
between our calculations and the MCHF calculations by Brage et.al. [75] as well as with the Dirac Fock calculations
by Ziltis [76]. Here, an important point to be noticed is that calculations by [75] and [76] also present mutual conflict
with each other. Moreover, our numbers for all the transitions are also in very good accord with measurements made
by Gallagher [47] using Hanle effect with optical excitations method except for the 5P3/2 − 4D3/2 transition. Our
theoretical values for the 5P − 4D and 5P − 5S transitions are in good accordance with the latest measurements
reported by Likforman et al. [44] and Zhang et al. [45]. Good agreement of our results with all these experimental values
demonstrates the accuracy of our calculations.
In Table M, transition probabilities for the 6P − 5D and 6P − 6S transitions of Ba+ from our calculations exhibit
good agreement with the theoretical all-order calculations by Safronova et al. [42] and RCC calculations by Gopakumar
et al. [77]. Our values for 6P − 5D transitions within error bars are close to those of Gopakumar et al. [77]. We find
that our results agree well with the experimental values given by Gallagher [47] and Kastberg [46] within the reported
uncertainties for all the transitions with an exception for the 6P3/2−6S1/2 transition in Ba
+. In this case, the theoretical
value falls just outside the experimental uncertainty of Kastberg [46]. Moreover, a very important point to be noted is
that our theoretical calculations for the 6P − 5D and 6P − 6S transitions commensurate with the experimental values
within uncertainty limits reported by Woods et al. [48], Arnold et al. [49] and Zhang et al. [50]. This indicates that
accuracy of our results for other transitions are of similar order.
4.2. E2 transition related properties
We combine the experimental energies and our final recommended values of the E2 matrix elements to calculate the
line strengths Svk, transition probabilities Avk and oscillator strengths fkv for the nD − (n + 1)S and nD5/2 − nD3/2
transitions of Ca+(n = 3), Sr+(n = 4) and Ba+(n = 5), and present them in Table N. In this table, we compare our
data with the values mentioned in the NIST ASD that are primarily available for the 3D− 4S and 4D− 5S transitions
of Ca+ and Sr+ ion, respectively. We find that our results for Sr+ are in excellent agreement with values provided in
Ref. [35], whereas significant differences are found for the results in Ca+. But, a very important point to be noticed
here is that our estimated quadrupole transition rate for the 3D5/2− 4S1/2 transition in Ca
+ is in good agreement with
the recent experimental results by Shao et al. [81] within uncertainty limits. This provides strong evidence towards the
accuracy of our results. Also, our estimated values are in very good accord with recent semi-empirical core potential
calculations by Filippin et al. [78] for Ca+, Sr+ and Ba+, RCC calculations by Guan et al. [79] for Ca+ and pseudo
relativistic Hartree-Fock method calculations by Gurell et al. [80] for Ba+.
4.3. M1 transition related properties
The results for the line strengths Svk, transition probabilities Avk and oscillator strengths fkv for several levels of
interest due to M1 transitions of the metastable states in Ca+, Sr+ and Ba+ are summarized in Table O. The Avk and
fkv values for the 3D5/2 − 3D3/2 transition of Ca
+ is in excellent agreement with the NIST ASD values. Our estimated
values are mostly in good agreement with the available data from Filippin et al. [78], Guan et al. [79] and Gurell et
al. [80]. A disagreement is found for the 5D3/2 − 6S1/2 transition between our value and values provided by Filippin et
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al. [78] and Gurell et al. [80]. We also notice a mutual conflict in these values by Filippin et al. [78] and Gurell et al. [80].
Hence, the accuracy for the value of this transition can not be emphasized based on this available data.
4.4. Lifetimes of atomic states
Mg+ ion: The lifetimes of the (3-5)P3/2,1/2, (4-6)S1/2, (3-5)D5/2,3/2 and (4,5)F7/2,5/2 states of Mg
+, obtained by
using our recommended data and the experimental energies, are listed in Table P. Our estimated lifetime values for
3P3/2,1/2 states and most of the excited states are in perfect agreement with theoretical MCHF calculations by Fischer
et al. [69] and weakest bound electron potential model theory (WBEPMT) calculations by Celik et al. [83] except for
the discrepancy that our results for 5P3/2,1/2 states do not match very well with the values given by Fischer et al. [69].
Discrepancy is also found between our lifetime result of 5D3/2 state and other theoretical calculations [69, 83]. We have
employed more sophisticated relativistic all order method whereas, MCHF and WBEPMT methods employed by [69]
and [83] respectively are non-relativistic methods. Therefore we advocate the reliability of our results in this case. No
experimental results are available for the lifetimes of these states and we propose experimental analysis in future. For
the 3P3/2,1/2 states, a perfect agreement can be noticed between our calculated values with those given by Majumder et
al. [72], which are calculated from the values of transition probabilities given therein, and with Curtis et al. [82]. It is
an important point to be noted that our calculated lifetimes for the 3P3/2,1/2 states show excellent agreement with the
available experimental values by Smith et al. [51] and Ansbacher et.al. [73]. Also, our theoretical lifetime value for the
3P3/2 state shows an excellent agreement with the experimental value reported by Herrmann et al. [52].
Ca+ ion: In Table Q, we list and compare our lifetime data with the available theoretical results [23, 29, 30, 36,
38, 42, 84–88] and experimental values [51, 53, 54, 87, 89–94]. The lifetimes of the 3D5/2,3/2 states have contributions
entirely from the E2 channel, whereas the M1 transition rates are neglected due to very small energy difference between
the 3D5/2 and 3D3/2 states. From Table Q, one can notice remarkable agreement between our theoretical results for
the 3D5/2 and 3D3/2 states’ lifetimes with other theoretical calculations by Safronova et al. [42], who have also used
the all-order method, Guet et al. [36] who have used RMBPT, Poirier et al. [85] who have used Semi-empirical model
and Brage et al. [86] who have used MCHF method. However, discrepancies are noticed from the RCC calculations
by Sahoo et al. [84], all-order calculations by Kreuter et al. [87] and relativistic structure calculations modeled with
semi-empirical fixed core potential by Tang et al. [88]. Disagreement between our calculations and all-order calculations
by Kreuter et al. [87] is attributed to the fact that in the present work the values from the SD method are used for
the calculation of the lifetimes of these states whereas in Ref. [87] scaled values of the SD matrix element were used.
Our theoretical lifetime value for 3D3/2 state is in very close agreement with the experimental value given by Lidberg
et al. [90]. However, we notice small differences between our theoretical values and the other experimental results for
the lifetimes of the 3D5/2 and 3D3/2 states. The experimental results from various measurements for the lifetimes of
the 3D5/2 and 3D3/2 states are themselves not in very good agreement with each other; thus, it does not allow us
to make a firm conclusion if our theoretical data is in better agreement with the experimental values for these states.
Also, our theoretical calculations for the lifetimes of the 5P3/2,1/2 states are in very good agreement with the other
theoretical calculations. Our results for 4P3/2,1/2 states match very well with all the theoretical results available and
the measurements by Ansbacher et.al [93], which were performed using the Pulse laser excitation method and with the
measurement by Smith et.al. [51] using the Hanle effect. Recent lifetime measurements have been reported by Hettrich
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et al. [43] and Meir et al. [55] for the 4P1/2 and 4P3/2 states respectively. Our results are in accordance with these
measurements within experimental error bars. However, our theoretical lifetime results for the 4P3/2,1/2 states differ
from the experimental results reported by Jin et al. [92] by 3%. The theoretical results by Safronova et al. [29] and
the more recent experimental results by Hettrich et al. [43] and Meir et al. [55] also report this discrepancy with the
Jin et al. [92] for the lifetimes of the 4P3/2,1/2 states which supports the fact that our values are reliable. Lifetimes of
high-lying excited states for this ion have been calculated by Safronova et al. [29] and Theodosiou [23]. The calculations
by Theodosiou, who used Hartree-Slater method, over estimate the lifetimes of these states. However, to the best of
our knowledge not many lifetime measurements have been performed for the high-lying states of this ion. There are
only a few experimental results for comparison such as for the excited 5S1/2, 4D5/2,3/2 and 5D3/2 states reported by
Andersen et al. [53] by employing the beam-foil technique and for the 4D3/2 and 5S1/2 states by Emmoth et al. [54]
again using the beam-foil technique with cascading effects. These experimental measurements are in good agreement
with our theoretical results for these states except for a small disagreement between the measurement in Ref. [54] for the
4D3/2 state. However, our result for this state and other higher excited states is in excellent agreement with calculations
done by Safronova et al. [29] which emphasizes the correctness of our results.
Sr+ ion: We list the lifetimes of the (4-7)D5/2,3/2, (5-8)P3/2,1/2, (6-8)S1/2 and (4,5)F7/2,5/2 states of Sr
+ in Table Q.
These lifetimes are obtained using the transitions rates listed in Table H except for the lifetimes of the metastable
4D5/2,3/2 states, which have been calculated using the transition rates due to the E2 and M1 channels given in Tables N
and O respectively. We compare these lifetimes with the available theoretical calculations by Safronova et al. using
relativistic all-order method [42], Sahoo et al. using RCC method [84], Poirier et al. using Semi-empirical approach [85],
Guet &Johnson using RMBPT [36] and Filippin et al. using semi-empirical core potential approach [78]. Our results
are in good agreement with all other theoretical calculations. Although one can notice few differences in some levels.
The largest disagreement of about 10% between our results and the calculations by Sahoo et al. [84] is observed for the
4D5/2 state calculated using the RCCSD method including nonlinear terms. We notice that there is larger disagreement
of our 4Dj state lifetimes with the experiments done by Gerz et al. [98] in 1987 but good agreement of our theoretical
values with more recent experimental measurements by Biemont et al. [95], Mannervik et al. [96] and Madej et al. [97]
can be noticed for these states which indicates the reliability of our results. Also, our calculated values for the 5Pj and
4Fj states are in excellent accord with the measurements by Gallagher et al. [47], Pinnington et al. [57] and Kuske et
al. [56]. The calculations for the lifetimes of other higher levels in Sr+ will be helpful in further assessing the accuracy
of our calculated results.
Ba+ ion: We carried out calculations for the lifetimes of 12 excited levels in Ba+ which are presented in Table S
along with comparison of our results with other theoretical and experimental values. Our value for the 5D3/2 lifetime
within uncertainty limits agree excellently with other theoretical calculations given in Refs. [36, 42, 80, 99] except a
small discrepancy with theoretical values given in Refs. [77, 84]. Similarly, for the 5D5/2 and 6P1/2 states, our value
is in very good agreement with all other theoretical lifetimes except for slight disagreement with Refs. [36, 77] and for
6P3/2 state the only disagreement is with Ref. [36]. Our lifetime calculations for the 5D5/2,3/2 and 6P3/2,1/2 states agree
perfectly with available experimental values within the experimental uncertainties. For the 5D5/2,3/2 state additional
measurements have been performed by Gurell et al. [80], Auchter et al. [103] and Zhang et al. [50]. Our calculations are
well within the uncertainty limits of these experimental values. Our theoretical results for the 6P3/2,1/2 states match
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well with two recent measurements by Arnold et al. [49] and Zhang et al. [50] within experimental uncertainties. For
the 7P3/2,1/2 states, discrepancies can be noticed between our calculations and the experimental values given in Ref. [57].
There remains a scarcity of theoretical and experimental lifetime data for many of the higher excited states. In order to
further test the accuracy of the lifetimes of the 7P3/2,1/2 states, we would like to suggest to carry out more experiments
as there are not enough reliable measurements of the lifetimes of these states available in the literature.
Table A
Reduced E1 matrix elements (in a.u.) of the Mg+ alkaline earth metal ion calculated by using the DHF, SD and SDpT
methods along with SD and SDpT velocity gauge matrix elements. The additional label “sc” indicates the scaled values.
Last column lists the OFinal recommended values of matrix elements. The absolute uncertainties (δ) are given in the
last column of the table.
Transition ODHF OSD OSDsc O
SDpT OSDpTsc O
Final δ
L Gauge V Gauge L Gauge V Gauge
3P1/2 − 3S1/2 2.462 2.369 2.369 2.369 2.369 2.369 2.419 2.37 0.05
3P3/2 − 3S1/2 3.482 3.351 3.351 3.351 3.351 3.351 3.415 3.35 0.06
4S1/2 − 3P1/2 1.706 1.693 1.692 1.694 1.693 1.692 1.694 1.694 0.001
4S1/2 − 3P3/2 2.421 2.404 2.402 2.404 2.404 2.402 2.365 2.40 0.03
3D5/2 − 3P3/2 5.734 5.587 5.587 5.587 5.587 5.586 5.629 5.58 0.04
3D3/2 − 3P1/2 4.267 4.158 4.158 4.159 4.158 4.157 4.159 4.159 0.001
3D3/2 − 3P3/2 1.911 1.862 1.862 1.862 1.862 1.862 1.875 1.86 0.01
4P1/2 − 3S1/2 0.032 0.051 0.051 0.051 0.051 0.051 0.053 0.051 0.002
4P1/2 − 4S1/2 5.385 5.311 5.310 5.311 5.312 5.310 5.311 5.311 0.001
4P1/2 − 3D3/2 4.670 4.634 4.630 4.633 4.635 4.630 4.632 4.633 0.002
4P3/2 − 3S1/2 0.040 0.068 0.067 0.068 0.068 0.067 0.066 0.068 0.002
4P3/2 − 4S1/2 7.613 7.508 7.506 7.509 7.509 7.507 7.506 7.509 0.003
4P3/2 − 3D5/2 6.257 6.209 6.203 6.208 6.210 6.203 6.207 6.208 0.002
4P3/2 − 3D3/2 2.085 2.070 2.068 2.069 2.070 2.068 2.069 2.069 0.001
5S1/2 − 3P1/2 0.459 0.460 0.460 0.460 0.460 0.460 0.458 0.460 0.002
5S1/2 − 3P3/2 0.650 0.652 0.651 0.652 0.652 0.651 0.649 0.652 0.003
5S1/2 − 4P1/2 3.835 3.807 3.805 3.807 3.806 3.805 3.807 3.807 .001
5S1/2 − 4P3/2 5.440 5.401 5.399 5.401 5.401 5.398 5.402 5.401 0.001
4D5/2 − 3P3/2 0.902 0.862 0.862 0.861 0.862 0.862 0.861 0.862 0.001
4D5/2 − 4P3/2 10.899 10.766 10.764 10.767 10.766 10.763 10.767 10.767 0.001
4D3/2 − 3P1/2 0.676 0.646 0.646 0.645 0.646 0.646 0.645 0.646 0.001
4D3/2 − 3P3/2 0.300 0.287 0.287 0.287 0.287 0.287 0.293 0.287 0.006
4D3/2 − 4P1/2 8.109 8.010 8.008 8.012 8.009 8.007 8.012 8.012 0.003
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4D3/2 − 4P3/2 3.633 3.589 3.588 3.589 3.588 3.588 3.589 3.589 0.001
4F5/2 − 3D5/2 2.058 2.019 2.019 2.019 2.019 2.019 2.018 2.019 0.001
4F5/2 − 3D3/2 7.703 7.554 7.554 7.553 7.554 7.554 7.552 7.553 0.001
4F5/2 − 4D5/2 3.313 3.322 3.328 3.323 3.322 3.329 3.323 3.323 0.001
4F5/2 − 4D3/2 12.399 12.431 12.451 12.432 12.431 12.454 12.432 12.432 0.001
4F7/2 − 3D5/2 9.206 9.028 9.029 9.027 9.029 9.029 9.027 9.027 0.002
4F7/2 − 4D5/2 14.820 14.858 14.882 14.859 14.858 14.886 14.859 14.859 0.001
5P1/2 − 3S1/2 0.051 0.063 0.063 0.063 0.063 0.063 0.065 0.063 0.002
5P1/2 − 4S1/2 0.091 0.085 0.085 0.085 0.085 0.085 0.083 0.085 0.002
5P1/2 − 3D3/2 0.441 0.435 0.434 0.435 0.434 0.433 0.435 0.435 0.001
5P1/2 − 5S1/2 9.340 9.257 9.255 9.257 9.257 9.256 9.249 9.257 0.008
5P1/2 − 4D3/2 9.770 9.711 9.706 9.707 9.711 9.706 9.707 9.707 0.004
5P3/2 − 3S1/2 0.070 0.087 0.087 0.087 0.087 0.087 0.090 0.087 0.003
5P3/2 − 4S1/2 0.138 0.129 0.129 0.129 0.129 0.129 0.137 0.129 0.008
5P3/2 − 3D5/2 0.596 0.587 0.586 0.587 0.587 0.585 0.586 0.587 0.001
5P3/2 − 3D3/2 0.198 0.196 0.195 0.196 0.196 0.195 0.201 0.196 0.005
5P3/2 − 5S1/2 13.202 13.083 13.080 13.084 13.084 13.082 13.096 13.08 0.01
5P3/2 − 4D5/2 13.091 13.010 13.004 13.008 13.011 13.004 13.008 13.008 0.003
5P3/2 − 4D3/2 4.364 4.337 4.335 4.336 4.337 4.335 4.336 4.336 0.001
6S1/2 − 3P1/2 0.247 0.249 0.249 0.249 0.249 0.249 0.256 0.249 0.007
6S1/2 − 3P3/2 0.350 0.352 0.352 0.352 0.352 0.352 0.361 0.352 0.009
6S1/2 − 4P1/2 0.954 0.949 0.948 0.949 0.949 0.948 0.954 0.949 0.005
6S1/2 − 4P3/2 1.350 1.343 1.342 1.343 1.343 1.342 1.356 1.34 0.01
6S1/2 − 5P1/2 6.694 6.654 6.653 6.655 6.654 6.652 6.655 6.655 0.001
6S1/2 − 5P3/2 9.495 9.440 9.437 9.439 9.438 9.436 9.439 9.439 0.001
5D5/2 − 3P3/2 0.355 0.329 0.329 0.329 0.329 0.329 0.331 0.329 0.002
5D5/2 − 4P3/2 2.063 2.039 2.039 2.039 2.040 2.039 2.039 2.039 0.001
5D5/2 − 4F5/2 0.409 0.440 0.440 0.441 0.440 0.441 0.441 0.441 0.001
5D5/2 − 4F7/2 1.832 1.969 1.970 1.971 1.970 1.970 1.971 1.971 0.001
5D5/2 − 5P3/2 17.407 17.254 17.251 17.257 17.254 17.251 17.257 17.257 0.003
5D3/2 − 3P1/2 0.267 0.248 0.248 0.247 0.248 0.248 0.247 0.248 0.001
5D3/2 − 3P3/2 0.118 0.110 0.110 0.110 0.115 0.110 0.110 0.110 0.005
5D3/2 − 4P1/2 1.543 1.525 1.525 1.524 1.525 1.525 1.524 1.524 0.001
5D3/2 − 4P3/2 0.688 0.680 0.680 0.679 0.680 0.680 0.679 0.679 0.001
5D3/2 − 4F5/2 1.532 1.647 1.647 1.649 1.647 1.648 1.649 1.649 0.002
5D3/2 − 5P1/2 12.949 12.834 12.832 12.839 12.834 12.832 12.839 12.839 0.005
5D3/2 − 5P3/2 5.802 5.751 5.750 5.752 5.751 5.750 5.752 5.752 0.001
5F5/2 − 3D5/2 0.689 0.687 0.687 0.687 0.687 0.687 0.690 0.687 0.003
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5F5/2 − 3D3/2 2.579 2.569 2.569 2.569 2.569 2.569 2.612 2.57 0.04
5F5/2 − 4D5/2 2.762 2.688 2.688 2.687 2.688 2.687 2.687 2.687 0.001
5F5/2 − 4D3/2 10.336 10.058 10.057 10.053 10.057 10.057 10.053 10.053 0.004
5F5/2 − 5D5/2 6.254 6.266 6.272 6.266 6.266 6.273 6.279 6.26 0.01
5F5/2 − 5D3/2 23.403 23.443 23.467 23.446 23.444 23.471 23.445 23.446 0.002
5F7/2 − 3D5/2 3.083 3.070 3.071 3.071 3.071 3.071 3.071 3.070 0.001
5F7/2 − 4D5/2 12.353 12.020 12.019 12.016 12.020 12.019 12.016 12.016 0.004
5F7/2 − 5D5/2 27.972 28.021 28.049 28.023 28.022 28.053 28.023 28.023 0.001
6D5/2 − 3P3/2 0.193 0.175 0.175 0.174 0.175 0.175 0.174 0.175 0.001
6D5/2 − 4P3/2 0.914 0.901 0.900 0.900 0.901 0.900 0.900 0.901 0.001
6D5/2 − 4F5/2 0.138 0.147 0.147 0.147 0.147 0.147 0.150 0.147 0.003
6D5/2 − 4F7/2 0.617 0.658 0.658 0.658 0.658 0.658 0.667 0.658 0.009
6D5/2 − 5P3/2 3.481 3.460 3.459 3.459 3.460 3.459 3.459 3.459 0.001
6D5/2 − 5F5/2 0.896 0.958 0.958 0.959 0.958 0.958 0.959 0.959 0.001
6D5/2 − 5F7/2 4.007 4.284 4.285 4.288 4.285 4.286 4.288 4.288 0.003
6D3/2 − 3P1/2 0.145 0.132 0.132 0.131 0.132 0.132 0.131 0.132 0.001
6D3/2 − 3P3/2 0.064 0.058 0.058 0.058 0.058 0.058 0.061 0.058 0.003
6D3/2 − 4P1/2 0.685 0.675 0.675 0.674 0.675 0.675 0.674 0.675 0.001
6D3/2 − 4P3/2 0.305 0.300 0.300 0.300 0.300 0.300 0.314 0.30 0.01
6D3/2 − 4F5/2 0.516 0.550 0.550 0.551 0.550 0.550 0.551 0.551 0.001
6D3/2 − 5P1/2 2.600 2.585 2.584 2.583 2.585 2.584 2.583 2.583 0.002
6D3/2 − 5P3/2 1.160 1.153 1.153 1.153 1.153 1.153 1.164 1.15 0.01
6D3/2 − 5F5/2 3.352 3.583 3.584 3.588 3.584 3.585 3.588 3.588 0.004
Table B
Reduced E1 matrix elements (in a.u.) of the Ca+ alkaline earth metal ion calculated by using the DHF, SD and SDpT
methods along with SD and SDpT velocity gauge matrix elements and the label “sc” indicates the scaled values. Last
column lists the OFinal recommended values of matrix elements. The absolute uncertainties (δ) are given in the last
column of the table.
Transition ODHF OSD OSDsc O
SDpT OSDpTsc O
Final δ
L Gauge V Gauge L Gauge V Gauge
4P1/2 − 4S1/2 3.201 2.898 2.897 2.907 2.913 2.914 2.907 2.89 0.02
4P1/2 − 3D3/2 3.082 2.417 2.270 2.464 2.468 2.288 2.450 2.46 0.01
4P3/2 − 4S1/2 4.526 4.099 4.098 4.112 4.120 4.122 4.112 4.09 0.02
4P3/2 − 3D3/2 1.376 1.079 1.014 1.100 1.101 1.022 1.094 1.100 0.006
15
4P3/2 − 3D5/2 4.134 3.245 3.048 3.306 3.313 3.073 3.288 3.30 0.02
5S1/2 − 4P1/2 2.108 2.066 2.043 2.073 2.071 2.053 2.072 2.073 0.007
5S1/2 − 4P3/2 3.014 2.955 2.923 2.965 2.961 2.936 2.962 2.96 0.01
4D3/2 − 4P1/2 4.215 4.264 4.221 4.282 4.257 4.215 4.282 4.28 0.02
4D3/2 − 4P3/2 1.898 1.920 1.901 1.928 1.917 1.899 1.928 1.93 0.01
4D5/2 − 4P3/2 5.691 5.755 5.698 5.778 5.745 5.690 5.779 5.77 0.03
5P1/2 − 4S1/2 0.006 0.076 0.069 0.078 0.077 0.071 0.076 0.076 0.002
5P1/2 − 3D3/2 0.006 0.124 0.112 0.104 0.110 0.093 0.115 0.10 0.02
5P1/2 − 5S1/2 6.442 6.220 6.195 6.230 6.239 6.220 6.229 6.23 0.01
5P1/2 − 4D3/2 8.068 7.435 7.184 7.434 7.492 7.243 7.426 7.43 0.06
5P3/2 − 4S1/2 0.008 0.091 0.081 0.093 0.092 0.083 0.091 0.091 0.002
5P3/2 − 3D3/2 0.001 0.058 0.053 0.050 0.052 0.044 0.054 0.050 0.008
5P3/2 − 3D5/2 0.001 0.174 0.157 0.148 0.155 0.132 0.162 0.14 0.02
5P3/2 − 5S1/2 9.101 8.785 8.751 8.800 8.813 8.786 8.798 8.80 0.02
5P3/2 − 4D3/2 3.601 3.317 3.207 3.317 3.343 3.234 3.313 3.31 0.02
5P3/2 − 4D5/2 10.814 9.965 9.632 9.962 10.040 9.713 9.951 9.96 0.07
4F5/2 − 3D3/2 2.605 1.866 1.858 1.926 1.926 1.918 1.905 1.92 0.02
4F5/2 − 3D5/2 0.697 0.500 0.498 0.516 0.517 0.514 0.511 0.516 0.005
4F5/2 − 4D3/2 11.975 11.346 11.392 11.355 11.403 11.447 11.348 11.35 0.05
4F5/2 − 4D5/2 3.202 3.034 3.046 3.036 3.049 3.061 3.034 3.03 0.01
4F7/2 − 3D5/2 3.120 2.238 2.228 2.309 2.310 2.300 2.284 2.30 0.03
4F7/2 − 4D5/2 14.319 13.570 13.624 13.580 13.638 13.690 13.571 13.58 0.06
6S1/2 − 4P1/2 0.579 0.582 0.573 0.582 0.583 0.576 0.583 0.582 0.001
6S1/2 − 4P3/2 0.828 0.826 0.814 0.827 0.828 0.818 0.828 0.826 0.002
6S1/2 − 5P1/2 4.434 4.345 4.320 4.356 4.353 4.333 4.353 4.356 0.003
6S1/2 − 5P3/2 6.331 6.207 6.172 6.220 6.218 6.189 6.216 6.220 0.004
5D3/2 − 4P1/2 1.348 1.223 1.212 1.221 1.232 1.220 1.225 1.22 0.01
5D3/2 − 4P3/2 0.602 0.546 0.541 0.545 0.550 0.545 0.547 0.545 0.005
5D3/2 − 5P1/2 7.194 7.453 7.396 7.485 7.432 7.378 7.481 7.48 0.05
5D3/2 − 5P3/2 3.243 3.360 3.335 3.373 3.350 3.326 3.372 3.37 0.02
5D3/2 − 4F5/2 7.902 8.548 8.542 8.556 8.487 8.486 8.551 8.55 0.07
5D5/2 − 4P3/2 1.809 1.640 1.625 1.637 1.652 1.636 1.642 1.63 0.02
5D5/2 − 5P3/2 9.717 10.065 9.989 10.107 10.037 9.965 10.102 10.11 0.07
5D5/2 − 4F5/2 2.109 2.281 2.280 2.284 2.265 2.265 2.283 2.28 0.02
5D5/2 − 4F7/2 9.433 10.203 10.196 10.215 10.131 10.130 10.209 10.21 0.08
6P1/2 − 4S1/2 0.041 0.085 0.080 0.086 0.085 0.081 0.085 0.085 0.001
6P1/2 − 3D3/2 0.027 0.068 0.063 0.061 0.062 0.054 0.064 0.061 0.007
6P1/2 − 5S1/2 0.114 0.082 0.081 0.080 0.080 0.080 0.083 0.082 0.002
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6P1/2 − 4D3/2 0.199 0.023 0.004 0.030 0.040 0.023 0.039 0.039 0.007
6P1/2 − 6S1/2 10.716 10.485 10.452 10.498 10.511 10.484 10.495 10.49 0.01
6P1/2 − 5D3/2 14.648 13.840 13.578 13.835 13.917 13.665 13.825 13.83 0.08
6P3/2 − 4S1/2 0.050 0.112 0.105 0.113 0.112 0.106 0.112 0.112 0.001
6P3/2 − 3D3/2 0.014 0.032 0.029 0.028 0.029 0.026 0.030 0.028 0.004
6P3/2 − 3D5/2 0.041 0.095 0.088 0.085 0.087 0.076 0.090 0.08 0.01
6P3/2 − 5S1/2 0.191 0.147 0.146 0.144 0.144 0.144 0.148 0.147 0.003
6P3/2 − 4D3/2 0.079 0.020 0.007 0.022 0.011 0.001 0.026 0.022 0.002
6P3/2 − 4D5/2 0.243 0.052 0.015 0.062 0.026 0.010 0.074 0.06 0.01
6P3/2 − 6S1/2 15.130 14.802 14.754 14.820 14.838 14.800 14.817 14.82 0.02
6P3/2 − 5D3/2 6.538 6.175 6.060 6.173 6.210 6.100 6.169 6.17 0.04
6P3/2 − 5D5/2 19.633 18.545 18.198 18.537 18.647 18.316 18.523 18.54 0.11
5F5/2 − 3D3/2 1.521 1.165 1.161 1.192 1.194 1.189 1.185 1.192 0.007
5F5/2 − 3D5/2 0.407 0.312 0.311 0.319 0.320 0.319 0.317 0.319 0.002
5F5/2 − 4D3/2 0.392 0.287 0.314 0.288 0.224 0.249 0.300 0.288 0.001
5F5/2 − 4D5/2 0.107 0.074 0.081 0.075 0.057 0.064 0.078 0.075 0.001
5F5/2 − 5D3/2 20.401 19.196 19.218 19.205 19.316 19.338 19.194 19.20 0.11
5F5/2 − 5D5/2 5.455 5.135 5.141 5.137 5.167 5.173 5.134 5.14 0.03
5F7/2 − 3D5/2 1.821 1.397 1.392 1.428 1.431 1.425 1.419 1.428 0.009
5F7/2 − 4D5/2 0.481 0.331 0.363 0.334 0.256 0.285 0.349 0.334 0.003
5F7/2 − 5D5/2 24.399 22.964 22.991 22.973 23.107 23.134 22.959 22.97 0.13
7S1/2 − 4P1/2 0.314 0.318 0.313 0.318 0.319 0.315 0.319 0.318 0.001
7S1/2 − 4P3/2 0.445 0.451 0.444 0.451 0.452 0.447 0.452 0.451 0.001
7S1/2 − 5P1/2 1.117 1.105 1.096 1.106 1.107 1.100 1.107 1.106 0.001
7S1/2 − 5P3/2 1.585 1.567 1.554 1.568 1.570 1.560 1.570 1.568 0.002
7S1/2 − 6P1/2 7.478 7.349 7.323 7.363 7.359 7.337 7.358 7.363 0.005
7S1/2 − 6P3/2 10.669 10.491 10.453 10.507 10.504 10.473 10.501 10.507 0.006
6D3/2 − 4P1/2 0.732 0.637 0.632 0.635 0.644 0.638 0.637 0.635 0.009
6D3/2 − 4P3/2 0.326 0.284 0.281 0.283 0.286 0.284 0.284 0.283 0.003
6D3/2 − 5P1/2 2.308 2.229 2.208 2.228 2.237 2.217 2.234 2.228 0.009
6D3/2 − 5P3/2 1.034 0.997 0.988 0.997 1.000 0.992 0.999 0.997 0.003
6D3/2 − 4F5/2 1.167 1.038 1.037 1.038 1.054 1.054 1.042 1.03 0.02
6D3/2 − 6P1/2 10.783 11.271 11.209 11.318 11.231 11.173 11.309 11.31 0.08
6D3/2 − 6P3/2 4.865 5.084 5.056 5.104 5.066 5.040 5.100 5.10 0.04
6D3/2 − 5F5/2 15.648 16.756 16.747 16.771 16.652 16.648 16.762 16.77 0.12
6D5/2 − 4P3/2 0.981 0.853 0.845 0.849 0.861 0.854 0.852 0.84 0.01
6D5/2 − 5P3/2 3.102 2.992 2.964 2.991 3.003 2.976 2.999 2.99 0.01
6D5/2 − 4F5/2 0.312 0.278 0.278 0.278 0.282 0.282 0.279 0.278 0.004
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6D5/2 − 4F7/2 1.396 1.243 1.242 1.243 1.262 1.263 1.248 1.24 0.02
6D5/2 − 6P3/2 14.572 15.228 15.144 15.289 15.173 15.096 15.278 15.28 0.12
6D5/2 − 5F5/2 4.177 4.473 4.470 4.477 4.445 4.444 4.475 4.47 0.03
6D5/2 − 5F7/2 18.681 20.003 19.992 20.024 19.878 19.874 20.013 20.02 0.15
Table C
Reduced E1 matrix elements (in a.u.) of the Sr+ alkaline earth metal ion calculated by using the DHF, SD and SDpT
methods along with SD and SDpT velocity gauge matrix elements. Values with the label “sc” indicate the scaled values.
Last column lists the OFinal recommended values of matrix elements. The absolute uncertainties (δ) are given in the
last column of the table.
Transition ODHF OSD OSDsc O
SDpT OSDpTsc O
Final δ
L Gauge V Gauge L Gauge V Gauge
5P1/2 − 5S1/2 3.484 3.078 3.079 3.091 3.097 3.099 3.090 3.07 0.02
5P1/2 − 4D3/2 3.729 3.083 2.893 3.112 3.119 2.898 3.102 3.11 0.03
5P3/2 − 5S1/2 4.921 4.351 4.351 4.368 4.377 4.379 4.367 4.35 0.03
5P3/2 − 4D3/2 1.657 1.369 1.289 1.383 1.386 1.293 1.378 1.38 0.01
5P3/2 − 4D5/2 5.002 4.150 3.901 4.187 4.198 3.909 4.173 4.18 0.04
6S1/2 − 5P1/2 2.375 2.321 2.279 2.331 2.327 2.293 2.328 2.33 0.01
6S1/2 − 5P3/2 3.497 3.425 3.366 3.437 3.434 3.384 3.433 3.43 0.01
5D3/2 − 5P1/2 4.331 4.263 4.207 4.289 4.269 4.216 4.288 4.26 0.03
5D3/2 − 5P3/2 1.996 1.967 1.942 1.977 1.969 1.945 1.977 1.96 0.01
5D5/2 − 5P3/2 5.956 5.865 5.790 5.899 5.873 5.801 5.898 5.86 0.03
6P1/2 − 5S1/2 0.066 0.025 0.012 0.027 0.025 0.014 0.024 0.025 0.002
6P1/2 − 4D3/2 0.026 0.078 0.073 0.067 0.069 0.058 0.076 0.07 0.01
6P1/2 − 6S1/2 6.810 6.517 6.472 6.530 6.539 6.502 6.528 6.53 0.01
6P1/2 − 5D3/2 9.087 8.560 8.105 8.556 8.596 8.160 8.550 8.55 0.04
6P3/2 − 5S1/2 0.161 0.034 0.052 0.029 0.033 0.049 0.033 0.034 0.005
6P3/2 − 4D3/2 0.028 0.051 0.048 0.046 0.047 0.041 0.050 0.051 0.005
6P3/2 − 4D5/2 0.075 0.142 0.132 0.128 0.130 0.113 0.139 0.14 0.01
6P3/2 − 6S1/2 9.577 9.162 9.098 9.182 9.194 9.141 9.179 9.18 0.02
6P3/2 − 5D3/2 4.026 3.799 3.616 3.797 3.815 3.641 3.794 3.79 0.02
6P3/2 − 5D5/2 12.163 11.458 10.895 11.451 11.507 10.966 11.442 11.45 0.06
4F7/2 − 4D5/2 4.313 3.486 3.465 3.529 3.536 3.516 3.510 3.52 0.04
4F7/2 − 5D5/2 15.232 14.598 14.753 14.614 14.649 14.796 14.610 14.61 0.03
4F5/2 − 4D3/2 3.579 2.878 2.862 2.917 2.922 2.905 2.901 2.91 0.04
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4F5/2 − 4D5/2 0.964 0.779 0.775 0.789 0.790 0.786 0.785 0.79 0.01
4F5/2 − 5D3/2 12.730 12.194 12.323 12.209 12.238 12.359 12.205 12.20 0.03
4F5/2 − 5D5/2 3.406 3.264 3.299 3.268 3.276 3.308 3.267 3.268 0.008
7S1/2 − 5P1/2 0.640 0.640 0.625 0.640 0.641 0.629 0.641 0.640 0.001
7S1/2 − 5P3/2 0.920 0.918 0.898 0.918 0.920 0.903 0.920 0.918 0.002
7S1/2 − 6P1/2 4.859 4.758 4.708 4.772 4.769 4.727 4.767 4.772 0.005
7S1/2 − 6P3/2 7.119 6.989 6.917 7.004 7.003 6.942 6.997 7.004 0.007
6D3/2 − 5P1/2 1.466 1.364 1.349 1.362 1.369 1.354 1.366 1.364 0.005
6D3/2 − 5P3/2 0.659 0.611 0.604 0.610 0.613 0.607 0.612 0.611 0.002
6D3/2 − 6P1/2 7.125 7.155 7.078 7.202 7.163 7.091 7.196 7.20 0.04
6D3/2 − 6P3/2 3.297 3.316 3.281 3.334 3.318 3.286 3.332 3.33 0.02
6D3/2 − 4F5/2 5.917 6.198 6.217 6.225 6.187 6.208 6.220 6.22 0.04
6D5/2 − 5P3/2 1.979 1.839 1.818 1.836 1.845 1.825 1.841 1.839 0.006
6D5/2 − 6P3/2 9.822 9.870 9.765 9.929 9.879 9.781 9.922 9.93 0.05
6D5/2 − 4F7/2 7.011 7.339 7.363 7.374 7.327 7.353 7.368 7.37 0.05
6D5/2 − 4F5/2 1.568 1.642 1.647 1.649 1.639 1.645 1.648 1.65 0.01
7P1/2 − 5S1/2 0.005 0.063 0.054 0.064 0.063 0.055 0.063 0.063 0.001
7P1/2 − 4D3/2 0.046 0.045 0.044 0.041 0.042 0.037 0.043 0.045 0.004
7P1/2 − 6S1/2 0.224 0.185 0.184 0.182 0.184 0.184 0.187 0.185 0.003
7P1/2 − 5D3/2 0.374 0.250 0.283 0.238 0.259 0.291 0.230 0.23 0.02
7P1/2 − 7S1/2 11.153 10.853 10.790 10.869 10.881 10.828 10.866 10.86 0.01
7P1/2 − 6D3/2 16.063 15.458 14.948 15.450 15.505 15.027 15.442 15.45 0.05
7P3/2 − 5S1/2 0.027 0.053 0.041 0.055 0.053 0.043 0.054 0.053 0.002
7P3/2 − 4D3/2 0.027 0.028 0.027 0.026 0.026 0.024 0.027 0.028 0.002
7P3/2 − 4D5/2 0.080 0.078 0.075 0.073 0.074 0.067 0.076 0.078 0.005
7P3/2 − 6S1/2 0.432 0.384 0.382 0.378 0.382 0.380 0.384 0.384 0.006
7P3/2 − 5D3/2 0.122 0.067 0.081 0.062 0.070 0.085 0.058 0.062 0.004
7P3/2 − 5D5/2 0.402 0.238 0.282 0.222 0.249 0.292 0.211 0.22 0.02
7P3/2 − 7S1/2 15.652 15.222 15.133 15.248 15.263 15.188 15.242 15.24 0.02
7P3/2 − 6D3/2 7.138 6.863 6.659 6.859 6.884 6.693 6.856 6.85 0.03
7P3/2 − 6D5/2 21.493 20.677 20.047 20.664 20.740 20.148 20.653 20.66 0.08
5F5/2 − 4D3/2 1.957 1.640 1.633 1.652 1.655 1.648 1.649 1.65 0.01
5F5/2 − 4D5/2 0.526 0.442 0.441 0.445 0.446 0.445 0.445 0.445 0.003
5F5/2 − 5D3/2 2.521 2.035 1.974 2.017 2.065 2.009 2.005 2.01 0.05
5F5/2 − 5D5/2 0.690 0.562 0.546 0.556 0.570 0.555 0.553 0.55 0.01
5F5/2 − 6D3/2 22.526 21.759 21.867 21.768 21.824 21.928 21.761 21.76 0.05
5F5/2 − 6D5/2 6.031 5.829 5.858 5.831 5.846 5.874 5.829 5.83 0.01
5F7/2 − 4D5/2 2.354 1.979 1.971 1.992 1.997 1.988 1.989 1.99 0.01
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5F7/2 − 5D5/2 3.089 2.515 2.443 2.488 2.551 2.483 2.474 2.48 0.06
5F7/2 − 6D5/2 26.974 26.068 26.201 26.077 26.145 26.272 26.069 26.07 0.07
8S1/2 − 5P1/2 0.345 0.349 0.340 0.349 0.349 0.342 0.359 0.35 0.01
8S1/2 − 5P3/2 0.494 0.497 0.486 0.497 0.498 0.488 0.498 0.497 0.001
8S1/2 − 6P1/2 1.193 1.178 1.161 1.179 1.181 1.166 1.181 1.179 0.002
8S1/2 − 6P3/2 1.699 1.677 1.652 1.677 1.681 1.660 1.681 1.677 0.004
8S1/2 − 7P1/2 8.078 7.935 7.882 7.949 7.950 7.904 7.942 7.949 0.007
8S1/2 − 7P3/2 11.806 11.627 11.548 11.638 11.645 11.578 11.629 11.638 0.009
7D3/2 − 5P1/2 0.820 0.746 0.739 0.744 0.749 0.742 0.746 0.746 0.003
7D3/2 − 5P3/2 0.365 0.331 0.328 0.330 0.332 0.329 0.331 0.331 0.002
7D3/2 − 6P1/2 2.421 2.363 2.333 2.365 2.368 2.340 2.370 2.365 0.005
7D3/2 − 6P3/2 1.093 1.065 1.052 1.065 1.067 1.055 1.067 1.065 0.002
7D3/2 − 4F5/2 1.248 1.239 1.244 1.240 1.242 1.248 1.242 1.240 0.002
7D3/2 − 7P1/2 10.450 10.551 10.466 10.613 10.559 10.481 10.603 10.61 0.05
7D3/2 − 7P3/2 4.847 4.902 4.864 4.926 4.905 4.869 4.922 4.92 0.02
7D3/2 − 5F5/2 11.702 12.103 12.128 12.152 12.094 12.121 12.141 12.15 0.06
7D5/2 − 5P3/2 1.100 0.999 0.989 0.995 1.003 0.993 0.998 0.999 0.004
7D5/2 − 6P3/2 3.277 3.195 3.155 3.197 3.202 3.164 3.203 3.197 0.006
7D5/2 − 4F7/2 1.490 1.479 1.486 1.481 1.483 1.491 1.484 1.481 0.003
7D5/2 − 4F5/2 0.333 0.331 0.332 0.331 0.332 0.333 0.332 0.331 0.001
7D5/2 − 7P3/2 14.424 14.577 14.462 14.656 14.587 14.480 14.644 14.65 0.07
7D5/2 − 5F5/2 3.102 3.206 3.213 3.221 3.204 3.211 3.218 3.22 0.02
7D5/2 − 5F7/2 13.864 14.333 14.365 14.403 14.323 14.357 14.390 14.40 0.08
8P1/2 − 5S1/2 0.013 0.054 0.048 0.059 0.054 0.049 0.058 0.054 0.005
8P1/2 − 4D3/2 0.040 0.031 0.031 0.026 0.029 0.027 0.027 0.031 0.005
8P1/2 − 6S1/2 0.032 0.005 0.007 0.005 0.005 0.006 0.004 0.005 0.001
8P1/2 − 5D3/2 0.125 0.087 0.102 0.091 0.091 0.105 0.089 0.091 0.004
8P1/2 − 7S1/2 0.461 0.442 0.434 0.412 0.441 0.434 0.419 0.41 0.03
8P1/2 − 6D3/2 0.915 0.715 0.756 0.729 0.725 0.764 0.717 0.72 0.01
8P1/2 − 8S1/2 16.522 16.186 16.113 16.239 16.221 16.159 16.234 16.23 0.02
8P1/2 − 7D3/2 24.719 24.00 23.463 24.024 24.057 23.559 24.013 24.02 0.03
8P3/2 − 5S1/2 0.004 0.054 0.045 0.063 0.054 0.046 0.062 0.054 0.009
8P3/2 − 4D3/2 0.022 0.019 0.018 0.016 0.018 0.016 0.016 0.019 0.003
8P3/2 − 4D5/2 0.064 0.053 0.052 0.044 0.051 0.047 0.046 0.053 0.009
8P3/2 − 6S1/2 0.104 0.071 0.072 0.049 0.069 0.071 0.051 0.07 0.02
8P3/2 − 5D3/2 0.038 0.021 0.027 0.024 0.022 0.029 0.024 0.024 0.003
8P3/2 − 5D5/2 0.129 0.077 0.098 0.088 0.081 0.102 0.085 0.08 0.01
8P3/2 − 7S1/2 0.827 0.811 0.798 0.749 0.808 0.797 0.759 0.74 0.06
20
8P3/2 − 6D3/2 0.327 0.235 0.254 0.251 0.240 0.258 0.246 0.25 0.01
8P3/2 − 6D5/2 1.046 0.777 0.833 0.821 0.791 0.844 0.805 0.82 0.03
8P3/2 − 8S1/2 23.159 22.671 22.569 22.775 22.722 22.635 22.767 22.77 0.05
8P3/2 − 7D3/2 10.988 10.658 10.444 10.678 10.685 10.485 10.674 10.678 0.007
8P3/2 − 7D5/2 33.070 32.095 31.432 32.147 32.172 31.555 32.133 32.14 0.03
Table D
Reduced E1 matrix elements (in a.u.) of the Ba+ alkaline earth metal ion calculated by using the DHF, SD and SDpT
methods along with SD and SDpT velocity gauge matrix elements. Values with the label “sc” indicate the scaled values.
Last column lists the OFinal recommended values of matrix elements. The absolute uncertainties (δ) are given in the
last column of the table.
Transition ODHF OSD OSDsc O
SDpT OSDpTsc O
Final δ
L Gauge V Gauge L Gauge V Gauge
6P1/2 − 6S1/2 3.890 3.338 3.341 3.358 3.371 3.374 3.358 3.33 0.03
6P1/2 − 5D3/2 3.745 3.055 2.909 3.077 3.100 2.910 3.066 3.07 0.02
6P3/2 − 6S1/2 5.477 4.710 4.714 4.739 4.757 4.758 4.738 4.71 0.05
6P3/2 − 5D3/2 1.635 1.334 1.270 1.344 1.355 1.274 1.339 1.34 0.01
6P3/2 − 5D5/2 5.001 4.111 3.909 4.139 4.171 3.915 4.124 4.13 0.03
7S1/2 − 6P1/2 2.548 2.462 2.384 2.478 2.473 2.410 2.473 2.47 0.02
7S1/2 − 6P3/2 3.956 3.844 3.732 3.862 3.857 3.764 3.856 3.86 0.02
6D3/2 − 6P1/2 5.140 4.845 4.764 4.889 4.872 4.793 4.887 4.84 0.04
6D3/2 − 6P3/2 2.445 2.316 2.279 2.334 2.327 2.291 2.333 2.31 0.02
6D5/2 − 6P3/2 7.253 6.869 6.756 6.923 6.902 6.791 6.921 6.86 0.05
7P1/2 − 6S1/2 0.065 0.062 0.035 0.065 0.062 0.040 0.062 0.062 0.006
7P1/2 − 5D3/2 0.351 0.277 0.275 0.275 0.275 0.261 0.285 0.277 0.008
7P1/2 − 7S1/2 7.391 6.999 6.912 7.020 7.037 6.964 7.017 7.02 0.02
7P1/2 − 6D3/2 9.189 8.648 8.125 8.639 8.696 8.206 8.630 8.63 0.06
7P3/2 − 6S1/2 0.261 0.087 0.121 0.077 0.086 0.114 0.085 0.08 0.01
7P3/2 − 5D3/2 0.186 0.155 0.151 0.154 0.154 0.145 0.158 0.155 0.003
7P3/2 − 5D5/2 0.543 0.449 0.438 0.447 0.448 0.421 0.459 0.45 0.01
7P3/2 − 7S1/2 10.312 9.757 9.634 9.788 9.812 9.709 9.783 9.78 0.03
7P3/2 − 6D3/2 4.019 3.776 3.578 3.772 3.798 3.614 3.768 3.77 0.03
7P3/2 − 6D5/2 12.216 11.495 10.874 11.481 11.560 10.974 11.469 11.48 0.08
8S1/2 − 6P1/2 0.702 0.697 0.670 0.696 0.699 0.677 0.699 0.696 0.003
8S1/2 − 6P3/2 1.029 1.017 0.981 1.016 1.020 0.990 1.021 1.016 0.005
21
8S1/2 − 7P1/2 5.087 4.935 4.841 4.956 4.955 4.876 4.946 4.95 0.01
8S1/2 − 7P3/2 7.809 7.628 7.485 7.649 7.651 7.530 7.638 7.64 0.01
7D3/2 − 6P1/2 1.551 1.393 1.376 1.387 1.402 1.384 1.394 1.393 0.009
7D3/2 − 6P3/2 0.690 0.614 0.607 0.611 0.618 0.611 0.614 0.614 0.004
7D3/2 − 7P1/2 8.359 8.155 8.019 8.228 8.189 8.065 8.218 8.22 0.07
7D3/2 − 7P3/2 4.009 3.930 3.868 3.959 3.943 3.887 3.955 3.93 0.03
7D5/2 − 6P3/2 2.087 1.868 1.845 1.859 1.880 1.855 1.868 1.86 0.01
7D5/2 − 7P3/2 11.848 11.607 11.421 11.697 11.648 11.477 11.685 11.69 0.09
8P1/2 − 6S1/2 0.007 0.088 0.069 0.090 0.087 0.072 0.089 0.088 0.002
8P1/2 − 5D3/2 0.195 0.133 0.136 0.133 0.134 0.128 0.137 0.133 0.004
8P1/2 − 7S1/2 0.198 0.134 0.135 0.127 0.133 0.134 0.137 0.134 0.007
8P1/2 − 6D3/2 0.087 0.105 0.055 0.121 0.103 0.054 0.134 0.10 0.03
8P1/2 − 8S1/2 11.916 11.530 11.406 11.556 11.577 11.473 11.549 11.55 0.02
8P1/2 − 7D3/2 16.194 15.589 14.946 15.569 15.649 15.064 15.556 15.57 0.08
8P3/2 − 6S1/2 0.078 0.033 0.009 0.038 0.033 0.014 0.035 0.033 0.005
8P3/2 − 5D3/2 0.102 0.077 0.076 0.076 0.077 0.073 0.078 0.077 0.001
8P3/2 − 5D5/2 0.297 0.222 0.220 0.222 0.223 0.211 0.226 0.222 0.004
8P3/2 − 7S1/2 0.567 0.495 0.491 0.482 0.491 0.488 0.496 0.49 0.01
8P3/2 − 6D3/2 0.129 0.142 0.119 0.148 0.141 0.118 0.144 0.14 0.01
8P3/2 − 6D5/2 0.318 0.351 0.281 0.371 0.348 0.280 0.387 0.35 0.04
8P3/2 − 8S1/2 16.551 15.989 15.817 16.030 16.058 15.912 16.019 16.03 0.03
8P3/2 − 7D3/2 7.096 6.815 6.576 6.807 6.844 6.626 6.801 6.80 0.04
8P3/2 − 7D5/2 21.518 20.691 19.938 20.661 20.773 20.084 20.645 20.66 0.11
9S1/2 − 6P1/2 0.381 0.382 0.367 0.381 0.383 0.371 0.383 0.381 0.002
9S1/2 − 6P3/2 0.552 0.550 0.529 0.548 0.551 0.534 0.551 0.548 0.003
9S1/2 − 7P1/2 1.275 1.255 1.222 1.255 1.260 1.232 1.260 1.255 0.005
9S1/2 − 7P3/2 1.833 1.802 1.755 1.801 1.808 1.769 1.809 1.801 0.008
9S1/2 − 8P1/2 8.344 8.126 8.024 8.151 8.153 8.067 8.137 8.15 0.01
9S1/2 − 8P3/2 12.737 12.491 12.333 12.514 12.520 12.388 12.496 12.51 0.02
8D3/2 − 6P1/2 0.844 0.740 0.733 0.733 0.744 0.737 0.738 0.740 0.007
8D3/2 − 6P3/2 0.365 0.317 0.315 0.314 0.319 0.316 0.316 0.317 0.003
8D3/2 − 7P1/2 2.567 2.468 2.419 2.466 2.477 2.432 2.475 2.46 0.01
8D3/2 − 7P3/2 1.154 1.104 1.083 1.102 1.108 1.089 1.106 1.102 0.006
8D3/2 − 8P1/2 12.195 11.998 11.842 12.104 12.042 11.901 12.086 12.10 0.06
8D3/2 − 8P3/2 5.876 5.814 5.742 5.855 5.829 5.765 5.848 5.85 0.04
8D5/2 − 6P3/2 1.118 0.973 0.964 0.964 0.979 0.969 0.969 0.973 0.009
8D5/2 − 7P3/2 3.475 3.332 3.269 3.327 3.344 3.286 3.340 3.32 0.02
22
8D5/2 − 8P3/2 17.331 17.130 16.917 17.261 17.180 16.987 17.238 17.13 0.13
Table E
Reduced E2 and M1 matrix elements (in a.u.) of the metastable states in the Ca+, Sr+ and Ba+ alkaline earth metal
ion calculated by using the DHF and SD methods labeled as ODHF and OFinal, respectively. The absolute uncertainties
(δ) are also given in the table.
Transition E2 Amplitudes M1 Amplitudes
ODHF OFinal δ ODHF OFinal
Ca+
3D3/2 − 4S1/2 9.767 7.78 0.04 0.0050 0.0000
3D5/2 − 4S1/2 11.978 9.56 0.04 - -
3D5/2 − 3D3/2 5.018 3.68 0.02 1.5421 1.5491
Sr+
4D3/2 − 5S1/2 12.968 11.01 0.04 0.0093 0.0000
4D5/2 − 5S1/2 15.972 13.60 0.05 - -
4D5/2 − 4D3/2 3.565 5.90 0.02 1.5385 1.5492
Ba+
5D3/2 − 6S1/2 8.510 12.49 0.11 0.0140 0.0002
5D5/2 − 6S1/2 10.650 15.65 0.14 - -
5D5/2 − 5D3/2 4.814 6.65 0.06 1.5315 1.5493
Table F
Wavelengths λ (in A˚), transition probabilities Avk (in s
−1), absorption oscillator strengths fkv and line strengths Svk
(in a.u.) of the Mg+ alkaline earth metal ion due to E1 channel are presented with their absolute uncertainties. Values
given in square brackets represent the power of 10. Avk and fkv values are compared with results given in NIST
ASD [35].
State λ Svk Avk fkv
Upper (v) Lower (k) Present Ref. [35] Present Ref. [35]
3P1/2 3S1/2 2803.531 5.61±0.24[0] 2.58±0.11[8] 2.57[8] 3.04±0.13[-1] 3.03[-1]
3P3/2 3S1/2 2796.351 1.12±0.04[1] 2.60±0.09[8] 2.60[8] 6.09±0.19[-1] 6.08[-1]
4S1/2 3P1/2 2929.489 2.869±0.003[0] 1.156±0.001[8] 1.15[8] 1.487±0.002[-1] 1.48[-1]
4S1/2 3P3/2 2937.369 5.78±0.18[0] 2.31±0.09[8] 2.30[8] 1.49±0.05[-1] 1.49[-1]
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3D5/2 3P3/2 2798.823 3.12±0.05[1] 4.81±0.07[8] 4.79[8] 8.46±0.08[-1] 8.44[-1]
3D3/2 3P1/2 2791.600 1.729±0.001[1] 4.027±0.002[8] 4.01[8] 9.411±0.004[-1] 9.37[-1]
3D3/2 3P3/2 2798.754 3.46±0.05[0] 8.01±0.13[7] 7.98[7] 9.41±0.12[-2] 9.38[-2]
4P1/2 3S1/2 1240.394 2.60±0.21[-3] 1.38±0.11[6] 1.52[6] 3.18±0.25[-4] 3.51[-4]
4P1/2 4S1/2 9246.802 2.821±0.001[1] 3.614±0.001[7] 3.61[7] 4.633±0.001[-1] 4.62[-1]
4P1/2 3D3/2 10954.774 2.146±0.002[1] 1.654±0.001[7] 1.68[7] 1.4870±0.0009[-1] 1.51[-1]
4P3/2 3S1/2 1239.925 4.62±0.26[-3] 1.23±0.07[6] 1.55[6] 5.66±0.32[-4] 6.21[-4]
4P3/2 4S1/2 9220.779 5.638±0.004[1] 3.643±0.003[7] 3.64[7] 9.287±0.007[-1] 9.27[-1]
4P3/2 3D5/2 10917.233 3.854±0.002[1] 1.500±0.001[7] 1.52[7] 1.787±0.001[-1] 1.82[-1]
4P3/2 3D3/2 10918.270 4.281±0.004[0] 1.666±0.002[6] 1.69[6] 2.977±0.003[-2] 3.02[-2]
5S1/2 3P1/2 1750.663 2.12±0.02[-1] 3.99±0.03[7] 4.00[7] 1.84±0.02[-2] 1.84[-2]
5S1/2 3P3/2 1753.474 4.25±0.04[-1] 7.98±0.07[7] 7.98[7] 1.84±0.02[-2] 1.84[-2]
5S1/2 4P1/2 8216.245 1.449±0.001[1] 2.647±0.001[7] 2.65[7] 2.679±0.001[-1] 2.68[-1]
5S1/2 4P3/2 8236.899 2.917±0.001[1] 5.288±0.002[7] 5.29[7] 2.6893±0.0009[-1] 2.69[-1]
4D5/2 3P3/2 1737.628 7.43±0.02[-1] 4.78±0.01[7] 5.09[7] 3.247±0.007[-2] 3.46[-2]
4D5/2 4P3/2 7898.538 1.1592±0.0002[2] 7.945±0.001[7] 7.86[7] 1.1145±0.0002[0] 1.10[0]
4D3/2 3P1/2 1734.852 4.17±0.01[-1] 4.05±0.01[7] 4.29[7] 3.65±0.01[-2] 3.87[-2]
4D3/2 3P3/2 1737.613 8.23±0.29[-2] 7.95±0.27[6] 8.48[6] 3.59±0.17[-3] 3.84[-3]
4D3/2 4P1/2 7879.221 6.419±0.005[1] 6.647±0.005[7] 6.58[7] 1.237±0.001[0] 1.23[0]
4D3/2 4P3/2 7898.214 1.288±0.001[1] 1.324±0.001[7] 1.31[7] 1.238±0.001[-1] 1.23[-1]
4F5/2 3D5/2 4482.407 4.076±0.004[0] 1.528±0.002[7] 1.55[7] 4.604±0.004[-2] 4.67[-2]
4F5/2 3D3/2 4482.582 5.705±0.002[1] 2.138±0.001[8] 2.17[8] 9.664±0.002[-1] 9.81[-1]
4F5/2 4D5/2 204482.251 1.104±0.001[1] 4.361±0.002[2] 4.35[2] 2.734±0.002[-3] 2.72[-3]
4F5/2 4D3/2 204699.909 1.5455±0.0002[2] 6.085±0.001[3] 6.07[3] 5.7336±0.0009[-2] 5.72[-2]
4F7/2 3D5/2 4482.383 8.148±0.004[1] 2.292±0.001[8] 2.33[8] 9.204±0.004[-1] 9.35[-1]
4F7/2 4D5/2 204432.087 2.2078±0.0003[2] 6.545±0.001[3] 6.52[3] 5.4676±0.0007[-2] 5.45[-2]
5P1/2 3S1/2 1026.113 3.96±0.24[-3] 3.72±0.23[6] 0.36[7] 5.87±0.36[-4] 5.72[-4]
5P1/2 4S1/2 3616.614 7.23±0.34[-3] 1.55±0.07[5] 1.56[5] 3.03±0.14[-4] 3.06[-4]
5P1/2 3D3/2 3851.477 1.892±0.008[-1] 3.35±0.02[6] 3.24[6] 3.73±0.02[-3] 3.60[-3]
5P1/2 5S1/2 21438.019 8.57±0.01[1] 8.81±0.02[6] 8.80[6] 6.07±0.01[-1] 6.07[-1]
5P1/2 4D3/2 24131.215 9.423±0.007[1] 6.793±0.005[6] 6.91[6] 2.965±0.002[-1] 3.02[-1]
5P3/2 3S1/2 1025.968 7.56±0.52[-3] 3.55±0.24[6] 3.43[6] 1.12±0.07[-3] 1.08[-3]
5P3/2 4S1/2 3614.810 1.66±0.21[-2] 1.78±0.22[5] 1.79[5] 6.99±0.76[-4] 7.03[-4]
5P3/2 3D5/2 3849.303 3.44±0.01[-1] 3.06±0.01[6] 2.96[6] 4.53±0.02[-3] 4.38[-3]
5P3/2 3D3/2 3849.431 3.84±0.19[-2] 3.41±0.17[5] 3.29[5] 7.57±0.36[-4] 7.31[-4]
5P3/2 5S1/2 21374.783 1.712±0.003[2] 8.88±0.02[6] 8.88[6] 1.216±0.002[0] 1.22[0]
5P3/2 4D5/2 24048.115 1.692±0.001[2] 6.163±0.003[6] 6.27[6] 3.562±0.001[-1] 3.63[-1]
5P3/2 4D3/2 24051.123 1.880±0.001[1] 6.845±0.003[5] 6.96[5] 5.936±0.003[-2] 6.04[-2]
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6S1/2 3P1/2 1480.879 6.20±0.29[-1] 1.93±0.11[7] 1.93[7] 6.35±0.36[-3] 6.34[-3]
6S1/2 3P3/2 1482.890 1.24±0.06[-1] 3.85±0.17[7] 3.85[7] 6.34±0.26[-3] 6.34[-3]
6S1/2 4P1/2 4429.237 9.01±0.09[-1] 1.05±0.01[7] 1.05[7] 3.08±0.03[-2] 3.10[-2]
6S1/2 4P3/2 4435.233 1.80±0.03[0] 2.09±0.04[7] 2.10[7] 3.08±0.06[-2] 3.10[-2]
6S1/2 5P1/2 17416.656 4.428±0.001[1] 8.493±0.003[6] 8.53[6] 3.862±0.001[-1] 3.88[-1]
6S1/2 5P3/2 17458.618 8.909±0.002[1] 1.6963±0.0004[7] 1.71[7] 3.8753±0.0008[-1] 3.90[-1]
5D5/2 3P3/2 1478.004 1.081±0.009[-1] 1.13±0.01[7] 1.30[7] 5.56±0.05[-3] 6.40[-3]
5D5/2 4P3/2 4391.805 4.157±0.004[0] 1.657±0.002[7] 1.73[7] 7.188±0.007[-2] 7.50[-2]
5D5/2 4F5/2 10394.934 1.945±0.008[-1] 5.85±0.03[4] 5.00[4] 9.47±0.04[-4] 8.10[-4]
5D5/2 4F7/2 10395.064 3.885±0.004[0] 1.167±0.001[6] 1.00[6] 1.418±0.001[-2] 1.22[-2]
5D5/2 5P3/2 16804.519 2.978±0.001[2] 2.1192±0.0007[7] 2.09[7] 1.3457±0.0004[0] 1.33[0]
5D3/2 3P1/2 1475.999 6.15±0.05[-2] 0.968±0.007[7] 1.10[7] 6.33±0.05[-3] 7.21[-3]
5D3/2 3P3/2 1477.997 1.21±0.11[-2] 1.89±0.17[6] 2.16[6] 6.21±0.56[-4] 7.08[-4]
5D3/2 4P1/2 4385.868 2.323±0.003[0] 1.395±0.002[7] 1.45[7] 8.04±0.01[-2] 8.38[-2]
5D3/2 4P3/2 4391.747 4.61±0.01[-1] 2.757±0.008[6] 2.88[6] 7.97±0.02[-3] 8.32[-3]
5D3/2 4F5/2 10394.610 2.719±0.006[0] 1.226±0.003[6] 1.06[6] 1.324±0.003[-2] 1.14[-2]
5D3/2 5P1/2 16764.796 1.648±0.001[2] 1.772±0.001[7] 1.75[7] 1.493±0.001[0] 1.48[0]
5D3/2 5P3/2 16803.672 3.308±0.001[1] 3.532±0.001[6] 3.49[6] 1.4951±0.0005[-1] 1.48[-1]
5F5/2 3D5/2 3105.622 4.72±0.04[-1] 5.32±0.05[6] 5.3[5] 7.69±0.07[-3] 7.68[-3]
5F5/2 3D3/2 3105.705 6.59±0.20[0] 7.43±0.23[7] 7.44[7] 1.61±0.05[-1] 1.61[-1]
5F5/2 4D5/2 9634.588 7.219±0.005[0] 2.726±0.002[6] 2.81[6] 3.794±0.003[-2] 3.91[-2]
5F5/2 4D3/2 9635.071 1.0106±0.0008[2] 3.815±0.003[7] 3.93[7] 7.965±0.006[-1] 8.20[-1]
5F5/2 5D5/2 370151.021 3.93±0.02[1] 2.61±0.01[2] 2.60[2] 5.37±0.02[-3] 5.34[-3]
5F5/2 5D3/2 370562.513 5.497±0.001[2] 3.6481±0.0006[3] 3.63[3] 1.1265±0.0002[-1] 1.12[-1]
5F7/2 3D5/2 3105.616 9.425±0.006[0] 7.969±0.005[7] 7.97[7] 1.536±0.001[-1] 1.54[-1]
5F7/2 4D5/2 9634.533 1.444±0.001[2] 4.088±0.003[7] 4.21[7] 7.587±0.005[-1] 7.82[-1]
5F7/2 5D5/2 370068.832 7.8528±0.0005[2] 3.9243±0.0003[3] 3.90[3] 1.0742±0.0001[-1] 1.07[-1]
6D5/2 3P3/2 1367.256 3.06±0.04[-2] 4.05±0.05[6] 5.35[6] 1.70±0.02[-3] 2.25[-3]
6D5/2 4P3/2 3539.823 8.12±0.02[-1] 6.18±0.01[6] 6.90[6] 1.742±0.004[-2] 1.94[-2]
6D5/2 4F5/2 6622.345 2.16±0.08[-2] 2.51±0.10[4] 2.19[4] 1.65±0.06[-4] 1.44[-4]
6D5/2 4F7/2 6622.398 4.32±0.12[-1] 5.03±0.14[5] 4.37[5] 2.48±0.07[-3] 2.15[-3]
6D5/2 5P3/2 8748.064 1.1964±0.0006[1] 6.035±0.003[6] 6.37[6] 1.0386±0.0006[-1] 1.10[-1]
6D5/2 5F5/2 19193.268 9.19±0.02[-1] 4.392±0.009[4] 3.77[4] 2.426±0.005[-3] 2.08[-3]
6D5/2 5F7/2 19193.489 1.838±0.002[1] 8.78±0.01[5] 7.54[5] 3.637±0.005[-2] 3.12[-2]
6D3/2 3P1/2 1365.544 1.74±0.03[-2] 3.46±0.05[6] 4.53[6] 1.94±0.03[-3] 2.53[-3]
6D3/2 3P3/2 1367.253 3.36±0.34[-3] 6.66±0.68[5] 8.84[5] 1.86±0.19[-4] 2.48[-4]
6D3/2 4P1/2 3535.980 4.55±0.01[-1] 5.22±0.02[6] 5.80[6] 1.957±0.005[-2] 2.17[-2]
6D3/2 4P3/2 3539.800 9.00±0.84[-2] 1.03±0.09[6] 1.15[6] 1.93±0.18[-3] 2.15[-3]
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6D3/2 4F5/2 6622.266 3.04±0.01[-1] 5.29±0.02[5] 4.61[5] 2.321±0.008[-3] 2.02[-3]
6D3/2 5P1/2 8737.378 6.67±0.01[0] 5.066±0.007[6] 5.34[6] 1.159±0.002[-1] 1.22[-1]
6D3/2 5P3/2 8747.926 1.33±0.02[0] 1.01±0.02[6] 1.06[6] 1.15±0.02[-2] 1.22[-2]
6D3/2 5F5/2 19192.605 1.287±0.003[1] 9.22±0.02[5] 7.96[5] 3.396±0.007[-2] 2.93[-2]
Table G
Properties such as wavelengths λ (in A˚), transition probabilities Avk (in s
−1), absorption oscillator strengths fkv and
line strengths Svk (in a.u.) due to E1 channel in the Ca
+ alkaline earth metal ion are presented with their absolute
uncertainties. Values given in square brackets represent the power of 10. Avk and fkv values are compared with results
given in NIST ASD [35].
State λ Svk Avk fkv
Upper (v) Lower (k) Present Ref. [35] Present Ref. [35]
4P1/2 4S1/2 3969.591 8.39±0.09[0] 1.36±0.01[8] 1.4[8] 3.21±0.03[-1] 3.3[-1]
4P1/2 3D3/2 8664.520 6.07±0.07[0] 0.95±0.01[7] 1.06[7] 5.32±0.06[-2] 5.97[-2]
4P3/2 4S1/2 3934.777 1.68±0.02[1] 1.39±0.01[8] 1.47[8] 6.48±0.07[-1] 6.82[-1]
4P3/2 3D3/2 8500.358 1.21±0.01[0] 0.99±0.01[6] 1.11[6] 1.08±0.01[-2] 1.20[-2]
4P3/2 3D5/2 8544.437 1.09±0.01[1] 8.87±0.09[6] 9.9[6] 6.47±0.07[-2] 7.2[-2]
5S1/2 4P1/2 3707.078 4.29±0.03[0] 8.55±0.06[7] 8.8[7] 1.76±0.01[-1] 1.8[-1]
5S1/2 4P3/2 3737.964 8.79±0.06[0] 1.71±0.01[8] 1.7[8] 1.78±0.01[-1] 1.8[-1]
4D3/2 4P1/2 3159.783 1.83±0.02[1] 2.94±0.03[8] 3.1[8] 8.81±0.10[-1] 9.3[-1]
4D3/2 4P3/2 3182.194 3.72±0.04[0] 5.84±0.06[7] 5.8[7] 8.87±0.10[-2] 8.8[-2]
4D5/2 4P3/2 3180.251 3.34±0.04[1] 3.51±0.04[8] 3.6[8] 7.97±0.09[-1] 8.2[-1]
5P1/2 4S1/2 1651.991 5.81±0.29[-3] 1.29±0.07[6] 5.32±0.27[-4]
5P1/2 3D3/2 2132.977 1.08±0.41[-2] 1.13±0.43[6] 2.0[6] 0.38±0.14[-3] 0.68[-3]
5P1/2 5S1/2 11953.015 3.88±0.01[1] 2.302±0.007[7] 2.3[7] 4.93±0.02[-1] 4.9[-1]
5P1/2 4D3/2 27072.611 5.53±0.08[1] 2.82±0.04[6] 1.55±0.02[-1]
5P3/2 4S1/2 1649.857 8.35±0.39[-3] 9.34±0.41[5] 7.62±0.33[-4]
5P3/2 3D3/2 2129.422 2.51±0.80[-3] 1.31±0.42[5] 2.0[5] 0.89±0.28[-4] 1.4[-4]
5P3/2 3D5/2 2132.177 2.19±0.76[-2] 1.14±0.40[6] 1.8[6] 0.52±0.18[-3] 0.82[-3]
5P3/2 5S1/2 11842.237 7.74±0.03[1] 2.362±0.008[7] 2.3[7] 9.93±0.03[-1] 9.7[-1]
5P3/2 4D3/2 26510.923 1.10±0.02[1] 2.99±0.05[5] 3.15±0.05[-2]
5P3/2 4D5/2 26646.628 9.91±0.21[1] 2.66±0.04[6] 1.88±0.03[-1]
4F5/2 3D3/2 1838.008 3.71±0.08[0] 2.02±0.04[8] 2.44[8] 1.53±0.03[-1] 1.85[-1]
4F5/2 3D5/2 1840.061 2.66±0.05[-1] 1.44±0.03[7] 1.73[7] 7.32±0.14[-3] 8.78[-3]
4F5/2 4D3/2 8914.515 1.289±0.001[2] 6.15±0.05[7] 1.098±0.009[0]
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4F5/2 4D5/2 8929.807 9.22±0.08[0] 4.37±0.04[6] 5.23±0.04[-2]
4F7/2 3D5/2 1840.061 5.31±0.11[0] 2.17±0.05[8] 2.60[8] 1.47±0.03[-1] 1.76[-1]
4F7/2 4D5/2 8929.807 1.84±0.02[2] 6.56±0.05[7] 1.045±0.008[0]
6S1/2 4P1/2 2198.473 3.38±0.01[-1] 3.23±0.01[7] 3.1[7] 2.340±0.008[-2] 2.2[-2]
6S1/2 4P3/2 2209.229 6.82±0.03[-1] 6.41±0.03[7] 6.2[7] 2.35±0.01[-2] 2.3[-2]
6S1/2 5P1/2 9857.461 1.897±0.002[1] 2.0±0.003[7] 1.9[7] 2.924±0.004[-1] 2.8[-1]
6S1/2 5P3/2 9934.097 3.868±0.005[1] 3.998±0.005[7] 3.8[7] 2.957±0.003[-1] 2.8[-1]
5D3/2 4P1/2 2103.902 1.49±0.03[0] 8.10±0.14[7] 8.2[7] 1.08±0.02[-1] 1.1[-1]
5D3/2 4P3/2 2113.814 2.97±0.05[-1] 1.59±0.03[7] 1.6[7] 1.07±0.02[-2] 1.1[-2]
5D3/2 5P1/2 8203.977 5.60±0.08[1] 5.14±0.07[7] 5.1[7] 1.04±0.01[0] 1.0[0]
5D3/2 5P3/2 8256.991 1.14±0.02[1] 1.02±0.01[7] 1.0[7] 1.05±0.01[-1] 1.0[-1]
5D3/2 4F5/2 21434.756 7.32±0.21[1] 3.76±0.06[6] 1.73±0.03[-1]
5D5/2 4P3/2 2113.426 2.68±0.05[0] 9.58±0.18[7] 9.7[7] 9.62±0.17[-2] 9.7[-2]
5D5/2 5P3/2 8251.063 1.02±0.01[2] 6.14±0.08[7] 6.1[7] 9.40±0.13[-1] 9.3[-1]
5D5/2 4F5/2 21394.859 5.22±0.08[0] 1.79±0.03[5] 1.23±0.02[-2]
5D5/2 4F7/2 21394.859 1.04±0.02[2] 3.59±0.06[6] 1.85±0.03[-1]
6P1/2 4S1/2 1342.553 7.21±0.21[-3] 3.03±0.07[6] 8.17±0.19[-4]
6P1/2 3D3/2 1643.797 3.72±0.85[-3] 0.85±0.19[6] 1.4[6] 1.72±0.39[-4] 2.8[-4]
6P1/2 5S1/2 4480.690 6.70±0.29[-3] 7.57±0.36[4] 2.27±0.11[-4]
6P1/2 4D3/2 5667.112 0.90±0.41[-3] 0.50±0.23[4] 1.21±0.55[-5]
6P1/2 6S1/2 26265.332 1.102±0.003[2] 6.16±0.02[6] 6.37±0.02[-1]
6P1/2 5D3/2 56731.472 1.914±0.002[2] 1.06±0.01[6] 2.56±0.03[-1]
6P3/2 4S1/2 1341.890 1.25±0.02[-2] 2.63±0.05[6] 1.42±0.03[-3]
6P3/2 3D3/2 1642.803 0.78±0.22[-3] 0.89±0.25[5] 1.4[5] 0.36±0.10[-4] 5.7[-5]
6P3/2 3D5/2 1644.443 0.72±0.16[-2] 0.82±0.19[6] 1.3[6] 2.22±0.55[-4] 3.5[-4]
6P3/2 5S1/2 4473.308 2.16±0.09[-2] 1.22±0.05[5] 7.34±0.29[-4]
6P3/2 4D3/2 5655.308 4.84±0.89[-4] 1.35±0.25[3] 0.65±0.12[-5]
6P3/2 4D5/2 5661.459 0.38±0.12[-2] 1.07±0.34[4] 0.35±0.11[-4]
6P3/2 6S1/2 26013.688 2.196±0.005[2] 6.32±0.02[6] 1.282±0.003[0]
6P3/2 5D3/2 55570.374 3.81±0.05[1] 1.13±0.01[5] 5.21±0.06[-2]
6P3/2 5D5/2 55840.341 3.44±0.04[2] 9.99±0.12[5] 3.12±0.04[-1]
5F5/2 3D3/2 1553.103 1.42±0.02[0] 1.28±0.02[8] 1.59[8] 6.95±0.08[-2] 8.63[-2]
5F5/2 3D5/2 1554.569 1.02±0.01[-1] 0.92±0.01[7] 1.13[7] 3.31±0.04[-3] 4.09[-3]
5F5/2 4D3/2 4717.395 8.29±0.06[-2] 2.66±0.02[5] 1.34±0.01[-3]
5F5/2 4D5/2 4721.673 5.62±0.15[-3] 1.80±0.05[4] 6.03±0.16[-5]
5F5/2 5D3/2 18824.734 3.69±0.04[2] 1.87±0.02[7] 1.49±0.02[0]
5F5/2 5D5/2 18855.615 2.64±0.03[1] 1.33±0.02[6] 7.08±0.08[-2]
5F7/2 3D5/2 1554.569 2.04±0.03[0] 1.37±0.02[8] 1.69[8] 6.64±0.08[-2] 8.16[-2]
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5F7/2 4D5/2 4721.673 1.12±0.02[-1] 2.68±0.05[5] 1.19±0.02[-3]
5F7/2 5D5/2 18855.615 5.28±0.06[2] 1.99±0.02[7] 1.42±0.02[0]
7S1/2 4P1/2 1843.087 1.011±0.006[-1] 1.64±0.01[7] 1.55[7] 8.33±0.05[-3] 7.89[-3]
7S1/2 4P3/2 1850.691 2.034±0.009[-1] 3.25±0.01[7] 3.08[7] 8.35±0.04[-3] 7.91[-3]
7S1/2 5P1/2 5286.736 1.223±0.002[0] 8.38±0.02[6] 3.514±0.006[-2]
7S1/2 5P3/2 5308.701 2.458±0.006[0] 1.665±0.004[7] 3.516±0.008[-2]
7S1/2 6P1/2 20147.642 5.421±0.007[1] 6.715±0.009[6] 4.086±0.005[-1]
7S1/2 6P3/2 20298.262 1.104±0.001[2] 1.337±0.001[7] 4.130±0.004[-1]
6D3/2 4P1/2 1807.337 4.03±0.11[-1] 3.46±0.09[7] 4.12[7] 3.39±0.09[-2] 4.04[-2]
6D3/2 4P3/2 1814.647 8.01±0.16[-2] 6.78±0.14[6] 7.06[6] 3.35±0.07[-3] 3.5[-3]
6D3/2 5P1/2 5002.874 4.96±0.04[0] 2.01±0.02[7] 2.0[7] 1.51±0.01[-1] 1.5[-1]
6D3/2 5P3/2 5022.538 9.94±0.06[-1] 3.97±0.02[6] 3.9[6] 1.503±0.009[-2] 1.5[-2]
6D3/2 4F5/2 8022.707 1.08±0.03[0] 1.06±0.03[6] 6.79±0.21[-3]
6D3/2 6P1/2 16565.588 1.28±0.02[2] 1.43±0.02[7] 1.17±0.02[0]
6D3/2 6P3/2 16667.277 2.61±0.04[1] 2.85±0.04[6] 1.18±0.02[-1]
6D3/2 5F5/2 40206.823 2.81±0.04[2] 2.19±0.03[6] 3.54±0.05[-1]
6D5/2 4P3/2 1814.494 7.21±0.20[-1] 4.07±0.12[7] 4.86[7] 3.02±0.08[-2] 3.60[-2]
6D5/2 5P3/2 5021.371 8.95±0.07[0] 2.38±0.02[7] 2.3[7] 1.35±0.01[-1] 1.3[-1]
6D5/2 4F5/2 8019.728 7.72±0.22[-2] 5.06±0.14[4] 4.87±0.14[-4]
6D5/2 4F7/2 8019.728 1.55±0.05[0] 1.01±0.03[6] 7.31±0.22[-3]
6D5/2 6P3/2 16654.425 2.34±0.04[2] 1.71±0.03[7] 1.07±0.02[0]
6D5/2 5F5/2 40132.115 2.00±0.03[1] 1.05±0.01[5] 2.53±0.04[-2]
6D5/2 5F7/2 40132.115 4.01±0.06[2] 2.09±0.03[6] 3.79±0.05[-1]
Table H
Wavelengths λ (in A˚), transition probabilities Avk (in s
−1), absorption oscillator strengths fkv and line strengths Svk (in
a.u.) in the Sr+ alkaline earth metal ion due to E1 channel are presented with their absolute uncertainties. Values given
in square brackets represent the power of 10. Avk and fkv values are compared with results given in NIST ASD [35].
State λ Svk Avk fkv
Upper (v) Lower (k) Present Ref. [35] Present Ref. [35]
5P1/2 5S1/2 4216.706 9.47±0.11[0] 1.28±0.02[8] 1.28[8] 3.41±0.04[-1] 3.41[-1]
5P1/2 4D3/2 10917.876 9.68±0.18[0] 7.53±0.14[6] 7.46[6] 6.73±0.12[-2] 6.67[-2]
5P3/2 5S1/2 4078.861 1.89±0.02[1] 1.41±0.01[8] 1.41[8] 7.05±0.08[-1] 7.03[-1]
5P3/2 4D3/2 10039.404 1.91±0.38[0] 0.96±0.02[6] 1.0[6] 1.45±0.03[-2] 1.5[-2]
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5P3/2 4D5/2 10330.141 1.75±0.03[1] 8.1±0.1[6] 8.7[6] 8.6±0.1[-2] 9.3[-2]
6S1/2 5P1/2 4162.965 5.43±0.05[0] 7.63±0.06[7] 6.5[7] 1.98±0.02[-1] 1.69[-1]
6S1/2 5P3/2 4306.654 1.181±0.008[1] 1.49±0.01[8] 1.48[8] 2.08±0.01[-1] 1.9[-1]
5D3/2 5P1/2 3381.677 1.82±0.02[1] 2.38±0.02[8] 8.16±0.09[-1]
5D3/2 5P3/2 3475.884 3.87±0.04[0] 4.67±0.05[7] 5.1[7] 8.45±0.08[-2] 9.2[-2]
5D5/2 5P3/2 3465.445 3.44±0.04[1] 2.79±0.03[8] 3.1[8] 7.54±0.08[-1] 8.4[-1]
6P1/2 5S1/2 1793.088 6.00±0.90[-4] 1.09±0.17[5] 6.45[5] 5.29±0.84[-5] 3.1[-4]
6P1/2 4D3/2 2426.371 0.61±0.17[-2] 0.43±0.12[6] 1.90±0.53[-4]
6P1/2 6S1/2 12448.385 4.26±0.02[1] 2.239±0.008[7] 5.20±0.02[-1]
6P1/2 5D3/2 40267.537 7.32±0.06[1] 1.14±0.01[6] 1.38±0.01[-1]
6P3/2 5S1/2 1783.869 1.15±0.34[-3] 1.03±0.30[5] 0.29[5] 0.98±0.28[-4] 2.8[-5]
6P3/2 4D3/2 2409.522 2.60±0.51[-3] 0.94±0.18[5] 0.82±0.16[-4]
6P3/2 4D5/2 2425.909 2.02±0.39[-2] 0.72±0.14[6] 4.21±0.83[-4]
6P3/2 6S1/2 12017.252 8.43±0.04[1] 2.46±0.01[7] 1.066±0.004[0]
6P3/2 5D3/2 36080.372 1.44±0.01[1] 1.55±0.01[5] 3.03±0.02[-2]
6P3/2 5D5/2 37244.918 1.31±0.01[2] 1.28±0.01[6] 1.78±0.01[-1]
4F7/2 4D5/2 2166.668 1.24±0.03[1] 3.10±0.07[8] 2.53[8] 2.91±0.07[-1] 2.37[-1]
4F7/2 5D5/2 13128.407 2.13±0.01[2] 2.39±0.01[7] 8.24±0.03[-1]
4F5/2 4D3/2 2153.527 8.51±0.23[0] 2.87±0.07[8] 2.36[8] 3.00±0.08[-1] 2.46[-1]
4F5/2 4D5/2 2166.607 6.22±0.15[-1] 2.06±0.05[7] 1.68[7] 1.45±0.03[-2] 1.18[-2]
4F5/2 5D3/2 12978.534 1.491±0.007[2] 2.30±0.01[7] 8.72±0.04[-1]
4F5/2 5D5/2 13126.167 1.067±0.005[1] 1.595±0.007[6] 4.12±0.02[-2]
7S1/2 5P1/2 2424.306 4.09±0.01[-1] 2.912±0.009[7] 2.4[7] 2.566±0.008[-2] 2.1[-2]
7S1/2 5P3/2 2472.343 8.43±0.04[-1] 5.65±0.02[7] 4.8[7] 2.58±0.01[-2] 2.2[-2]
7S1/2 6P1/2 10876.185 2.277±0.004[1] 1.793±0.003[7] 3.179±0.006[-1]
7S1/2 6P3/2 11228.133 4.906±0.009[1] 3.511±0.007[7] 3.317±0.006[-1]
6D3/2 5P1/2 2282.705 1.86±0.01[0] 7.92±0.05[7] 8.3[7] 1.237±0.009[-1] 1.30[-1]
6D3/2 5P3/2 2325.245 3.73±0.02[-1] 1.504±0.009[7] 1.5[7] 1.219±0.007[-2] 1.2[-2]
6D3/2 6P1/2 8508.343 5.18±0.05[1] 4.26±0.05[7] 9.25±0.10[-1]
6D3/2 6P3/2 8722.221 1.11±0.01[1] 0.848±0.008[7] 1.0[7] 0.967±0.009[-1] 1.1[-1]
6D3/2 4F5/2 15310.348 3.87±0.05[1] 5.47±0.06[6] 1.28±0.01[-1]
6D5/2 5P3/2 2323.069 3.38±0.02[0] 9.11±0.06[7] 9.1[7] 1.105±0.007[-1] 1.1[-1]
6D5/2 6P3/2 8691.684 9.86±0.09[1] 5.07±0.05[7] 5.5[7] 8.61±0.08[-1] 9.3[-1]
6D5/2 4F7/2 15213.498 5.44±0.07[1] 5.22±0.06[6] 1.36±0.01[-1]
6D5/2 4F5/2 15216.508 2.72±0.03[0] 2.61±0.03[5] 9.04±0.11[-3]
7P1/2 5S1/2 1456.042 3.96±0.12[-3] 1.30±0.04[6] 4.14±0.13[-4]
7P1/2 4D3/2 1847.628 2.02±0.36[-3] 3.25±0.57[5] 0.83±0.14[-4]
7P1/2 6S1/2 4774.908 3.42±0.11[-2] 3.18±0.10[5] 1.09±0.03[-3]
29
7P1/2 5D3/2 6496.446 5.66±0.99[-2] 2.09±0.37[5] 0.66±0.12[-3]
7P1/2 7S1/2 26916.161 1.181±0.002[2] 6.14±0.01[6] 6.66±0.01[-1]
7P1/2 6D3/2 86470.034 2.38±0.02[2] 3.74±0.03[5] 2.09±0.01[-1]
7P3/2 5S1/2 1453.126 2.81±0.21[-3] 4.63±0.34[5] 2.93±0.22[-4]
7P3/2 4D3/2 1842.936 0.78±0.11[-3] 6.34±0.90[4] 3.23±0.41[-5]
7P3/2 4D5/2 1852.507 6.08±0.78[-3] 4.84±0.62[5] 1.66±0.21[-4]
7P3/2 6S1/2 4743.701 1.47±0.05[-1] 6.99±0.21[5] 4.72±0.14[-3]
7P3/2 5D3/2 6438.814 3.84±0.49[-3] 7.29±0.94[3] 4.53±0.58[-5]
7P3/2 5D5/2 6474.943 0.49±0.12[-1] 0.92±0.22[5] 3.85±0.93[-4]
7P3/2 7S1/2 25953.667 2.325±0.004[2] 6.74±0.01[6] 1.361±0.002[0]
7P3/2 6D3/2 77264.825 4.71±0.03[1] 5.17±0.04[4] 4.62±0.03[-2]
7P3/2 6D5/2 79746.724 4.27±0.03[2] 4.26±0.03[5] 2.71±0.01[-1]
5F5/2 4D3/2 1769.601 2.73±0.04[0] 1.66±0.02[8] 1.17±0.01[-1]
5F5/2 4D5/2 1778.424 1.98±0.03[-1] 1.19±0.02[7] 5.64±0.07[-3]
5F5/2 5D3/2 5624.458 4.06±0.19[0] 7.72±0.36[6] 5.49±0.26[-2]
5F5/2 5D5/2 5652.007 3.09±0.15[-1] 5.78±0.29[5] 2.76±0.13[-3]
5F5/2 6D3/2 28225.226 4.74±0.02[2] 7.12±0.04[6] 1.275±0.006[0]
5F5/2 6D5/2 28549.812 3.40±0.02[1] 4.93±0.03[5] 6.03±0.03[-2]
5F7/2 4D5/2 1778.424 3.97±0.05[0] 1.78±0.02[8] 1.13±0.01[-1]
5F7/2 5D5/2 5652.007 6.19±0.31[0] 8.68±0.43[6] 5.54±0.28[-2]
5F7/2 6D5/2 28549.812 6.80±0.04[2] 7.40±0.04[6] 1.206±0.006[0]
8S1/2 5P1/2 2019.308 1.22±0.07[-1] 1.49±0.08[7] 1.2[7] 9.16±0.52[-3] 7.3[-3]
8S1/2 5P3/2 2052.526 2.470±0.009[-1] 2.89±0.01[7] 2.4[7] 9.14±0.03[-3] 7.6[-3]
8S1/2 6P1/2 5724.950 1.390±0.004[0] 7.51±0.02[6] 7.1[6] 3.68±0.01[-2] 3.5[-2]
8S1/2 6P3/2 5820.992 2.81±0.01[0] 1.445±0.006[7] 1.4[7] 3.66±0.01[-2] 3.6[-2]
8S1/2 7P1/2 21940.602 6.32±0.01[1] 6.06±0.01[6] 4.374±0.007[-1]
8S1/2 7P3/2 22624.536 1.354±0.002[2] 1.185±0.002[7] 4.546±0.007[-1]
7D3/2 5P1/2 1964.401 5.56±0.04[-1] 3.72±0.03[7] 4.30±0.03[-2]
7D3/2 5P3/2 1995.823 1.09±0.01[-1] 6.98±0.08[6] 4.17±0.05[-3]
7D3/2 6P1/2 5304.589 5.59±0.02[0] 1.898±0.008[7] 1.9[7] 1.601±0.006[-1] 1.6[-1]
7D3/2 6P3/2 5386.944 1.134±0.004[0] 3.67±0.01[6] 3.7[6] 1.598±0.006[-2] 1.6[-2]
7D3/2 4F5/2 7336.778 1.537±0.005[0] 1.972±0.006[6] 1.061±0.003[-2]
7D3/2 7P1/2 16829.464 1.13±0.01[2] 1.19±0.01[7] 1.02±0.01[0]
7D3/2 7P3/2 17228.963 2.43±0.02[1] 2.40±0.02[6] 1.069±0.009[-1]
7D3/2 5F5/2 28125.439 1.47±0.01[2] 3.36±0.03[6] 2.66±0.02[-1]
7D5/2 5P3/2 1994.954 9.98±0.08[-1] 4.25±0.03[7] 3.79±0.03[-2]
7D5/2 6P3/2 5380.625 1.022±0.004[1] 2.215±0.008[7] 2.2[7] 1.443±0.005[-1] 1.4[-1]
7D5/2 4F7/2 7324.365 2.193±0.008[0] 1.885±0.007[6] 1.137±0.004[-2]
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7D5/2 4F5/2 7325.063 1.095±0.006[-1] 9.41±0.05[4] 7.57±0.04[-4]
7D5/2 7P3/2 17164.494 2.15±0.02[2] 1.43±0.01[7] 9.50±0.08[-1]
7D5/2 5F5/2 27954.043 1.04±0.01[1] 1.60±0.02[5] 1.87±0.01[-2]
7D5/2 5F7/2 27954.043 2.07±0.02[2] 3.21±0.03[6] 2.82±0.03[-1]
8P1/2 5S1/2 1329.031 2.92±0.54[-3] 1.26±0.23[6] 3.33±0.61[-4]
8P1/2 4D3/2 1647.802 0.96±0.31[-3] 2.17±0.70[5] 0.44±0.14[-4]
8P1/2 6S1/2 3635.534 0.25±0.10[-4] 0.53±0.21[3] 1.04±0.41[-6]
8P1/2 5D3/2 4554.462 8.28±0.72[-3] 8.87±0.78[4] 1.38±0.12[-4]
8P1/2 7S1/2 9728.856 1.69±0.24[-1] 1.87±0.27[5] 2.65±0.38[-3]
8P1/2 6D3/2 12953.485 5.31±0.17[-1] 2.47±0.08[5] 3.11±0.10[-3]
8P1/2 8S1/2 49857.905 2.637±0.006[2] 2.155±0.004[6] 8.03±0.01[-1]
8P1/2 7D3/2 160901.045 5.77±0.02[2] 1.404±0.004[5] 2.724±0.007[-1]
8P3/2 5S1/2 1327.813 2.91±0.09[-3] 6.31±0.21[5] 3.34±0.11[-4]
8P3/2 4D3/2 1645.931 0.36±0.11[-3] 0.41±0.13[5] 1.66±0.52[-5]
8P3/2 4D5/2 1653.561 2.81±0.95[-3] 0.32±0.11[6] 0.86±0.29[-4]
8P3/2 6S1/2 3626.437 0.50±0.28[-2] 0.54±0.30[5] 0.21±0.12[-3]
8P3/2 5D3/2 4540.194 0.58±0.14[-3] 3.12±0.77[3] 0.96±0.24[-5]
8P3/2 5D5/2 4558.128 0.77±0.19[-2] 0.41±0.10[5] 0.86±0.21[-4]
8P3/2 7S1/2 9663.983 5.61±0.92[-1] 3.15±0.52[5] 0.88±0.14[-2]
8P3/2 6D3/2 12838.733 6.30±0.55[-2] 1.51±0.13[4] 3.73±0.32[-4]
8P3/2 6D5/2 12905.473 6.74±0.49[-1] 1.58±0.11[5] 2.64±0.19[-3]
8P3/2 8S1/2 48199.739 5.18±0.02[2] 2.35±0.01[6] 1.634±0.007[0]
8P3/2 7D3/2 144822.592 1.140±0.001[2] 1.901±0.002[4] 5.978±0.007[-2]
8P3/2 7D5/2 149543.891 1.033±0.002[3] 1.565±0.002[5] 3.498±0.005[-1]
Table I
Wavelengths λ (in A˚), transition probabilities Avk (in s
−1), absorption oscillator strengths fkv and line strengths Svk
(in a.u.) in the Ba+ alkaline earth metal ion due to the E1 channel are presented with their absolute uncertainties.
Values given in square brackets represent the power of 10. Avk and fkv values are compared with results given in NIST
ASD [35].
State λ Svk Avk fkv
Upper (v) Lower (k) Present Ref. [35] Present Ref. [35]
6P1/2 6S1/2 4935.453 1.11±0.02[1] 9.38±0.18[7] 9.53[7] 3.43±0.06[-1] 3.48[-1]
6P1/2 5D3/2 6498.693 9.46±0.14[0] 3.49±0.05[7] 3.10[7] 11.06±0.16[-2] 9.81[-2]
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6P3/2 6S1/2 4555.309 2.22±0.04[1] 1.18±0.02[8] 1.11[8] 7.39±0.14[-1] 6.9[-1]
6P3/2 5D3/2 5855.297 1.81±0.02[0] 4.55±0.07[6] 6.00[6] 2.34±0.03[-2] 3.08[-2]
6P3/2 5D5/2 6143.413 1.71±0.02[1] 3.74±0.05[7] 4.12[7] 1.412±0.002[-1] 1.55[-1]
7S1/2 6P1/2 4526.194 6.14±0.07[0] 6.71±0.08[7] 6.63[7] 2.06±0.02[-1] 2.03[-1]
7S1/2 6P3/2 4901.295 1.49±0.14[1] 1.28±0.01[8] 1.04[8] 2.31±0.02[-1] 1.87[-1]
6D3/2 6P1/2 3892.881 2.35±0.04[1] 2.02±0.03[8] 2.71[8] 9.16±0.16[-1] 9.85[-1]
6D3/2 6P3/2 4167.175 5.36±0.08[0] 3.75±0.05[7] 3.54[7] 9.77±0.15[-2] 9.21[-2]
6D5/2 6P3/2 4131.814 4.72±0.07[1] 2.26±0.03[8] 2.18[8] 8.67±0.13[-1] 8.36[-1]
7P1/2 6S1/2 2024.708 3.84±0.74[-3] 4.69±0.99[5] 6.9[6] 2.88±0.55[-4] 4.2[-3]
7P1/2 5D3/2 2246.384 7.67±0.44[-2] 6.85±0.39[6] 1.6[7] 2.59±0.14[-3] 6.0[-3]
7P1/2 7S1/2 14215.354 4.93±0.02[1] 1.73±0.01[7] 1.66[7] 5.26±0.03[-1] 5.03[-1]
7P1/2 6D3/2 29066.810 7.46±0.09[1] 3.07±0.04[6] 2.89[6] 1.95±0.02[-1] 1.83[-1]
7P3/2 6S1/2 1999.546 0.76±0.16[-2] 0.48±0.12[6] 0.10[6] 0.57±0.14[-3] 1.2[-2]
7P3/2 5D3/2 2215.453 2.40±0.09[-2] 1.12±0.04[6] 1.6[6] 8.23±0.31[-4] 1.2[-3]
7P3/2 5D5/2 2255.476 2.02±0.09[-1] 0.89±0.03[7] 1.4[7] 4.52±0.20[-3] 7.1[-3]
7P3/2 7S1/2 13061.369 9.58±0.06[1] 2.17±0.01[7] 2.14[7] 1.114±0.007[0] 1.09[0]
7P3/2 6D3/2 24619.214 1.42±0.01[1] 4.83±0.06[5] 4.38±0.06[-2]
7P3/2 6D5/2 25930.294 1.32±0.01[2] 3.83±0.05[6] 3.66[6] 2.57±0.03[-1] 2.46[-1]
8S1/2 6P1/2 2648.049 4.84±0.04[-1] 2.64±0.02[7] 2.26[7] 2.77±0.02[-2] 2.37[-2]
8S1/2 6P3/2 2772.171 1.03±0.01[0] 4.91±0.04[7] 3.95[7] 2.83±0.02[-2] 2.37[-2]
8S1/2 7P1/2 11580.254 2.456±0.009[1] 1.602±0.006[7] 1.75[7] 3.22±0.01[-1] 3.52[-1]
8S1/2 7P3/2 12478.364 5.85±0.02[1] 3.051±0.008[7] 2.80[7] 3.56±0.01[-1] 3.27[-1]
7D3/2 6P1/2 2529.168 1.94±0.02[0] 6.07±0.07[7] 6.9[7] 1.16±0.01[-1] 1.3[-1]
7D3/2 6P3/2 2642.158 3.76±0.04[-1] 1.03±0.01[7] 1.2[7] 1.08±0.01[-2] 1.1[-2]
7D3/2 7P1/2 9605.749 6.77±0.12[1] 3.87±0.06[7] 4.16[7] 1.07±0.01[0] 1.15[0]
7D3/2 7P3/2 10215.637 1.54±0.02[1] 7.34±0.11[6] 6.92[6] 1.15±0.01[-1] 1.08[-1]
7D5/2 6P3/2 2635.565 3.48±0.04[0] 6.43±0.08[7] 7.3[7] 1.01±0.01[-1] 1.1[-1]
7D5/2 7P3/2 10117.783 1.36±0.02[2] 4.46±0.06[7] 4.27[7] 10.27±0.15[-1] 9.82[-1]
8P1/2 6S1/2 1630.270 7.74±0.35[-3] 1.81±0.08[6] 2.4[6] 7.21±0.37[-4] 9.6[-4]
8P1/2 5D3/2 1770.988 1.76±0.10[-2] 0.32±0.01[7] 1.0[7] 7.58±0.45[-4] 2.4[-3]
8P1/2 7S1/2 5267.503 1.79±0.18[-2] 1.24±0.13[5] 5.17±0.54[-4]
8P1/2 6D3/2 6497.713 1.10±0.60[-2] 0.41±0.22[5] 1.28±0.71[-4]
8P1/2 8S1/2 30172.383 1.335±0.005[2] 4.93±0.01[6] 6.72±0.02[-1]
8P1/2 7D3/2 64966.873 2.42±0.02[2] 8.95±0.09[5] 2.83±0.03[-1]
8P3/2 6S1/2 1622.270 1.09±0.33[-3] 1.29±0.39[5] 1.29[5] 1.02±0.31[-4] 1.94[-4]
8P3/2 5D3/2 1761.551 5.93±0.15[-3] 5.49±0.14[5] 3.9[5] 2.55±0.06[-4] 1.8[-4]
8P3/2 5D5/2 1786.761 4.93±0.17[-2] 4.37±0.15[6] 4.4[6] 1.39±0.05[-3] 1.4[-3]
8P3/2 7S1/2 5184.886 2.45±0.13[-1] 8.90±0.46[5] 7.17±0.37[-3]
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8P3/2 6D3/2 6372.459 2.02±0.31[-2] 3.95±0.61[4] 2.40±0.37[-4]
8P3/2 6D5/2 6456.964 1.23±0.25[-1] 2.32±0.47[5] 0.96±0.19[-3]
8P3/2 8S1/2 27648.834 2.569±0.008[2] 6.15±0.02[6] 1.412±0.005[0]
8P3/2 7D3/2 54296.303 4.63±0.05[1] 1.46±0.01[5] 6.48±0.07[-2]
8P3/2 7D5/2 57238.625 4.27±0.04[2] 1.15±0.01[6] 3.77±0.04[-1]
9S1/2 6P1/2 2201.572 1.45±0.01[-1] 1.37±0.01[7] 1.1[7] 10.01±0.11[-3] 8.0[-3]
9S1/2 6P3/2 2286.694 3.00±0.03[-1] 2.54±0.02[7] 2.0[7] 9.97±0.11[-3] 7.8[-3]
9S1/2 7P1/2 6137.294 1.57±0.01[0] 6.90±0.05[6] 6.64[6] 3.89±0.03[-2] 3.75[-2]
9S1/2 7P3/2 6380.681 3.24±0.02[0] 1.26±0.01[7] 1.18[7] 3.86±0.03[-2] 3.60[-2]
9S1/2 8P1/2 23019.484 6.64±0.02[1] 5.52±0.01[6] 4.38±0.01[-1]
9S1/2 8P3/2 24742.394 1.566±0.004[2] 1.047±0.003[7] 4.81±0.01[-1]
8D3/2 6P1/2 2154.611 5.47±0.10[-1] 2.77±0.05[7] 3.4[7] 3.86±0.07[-2] 4.7[-2]
8D3/2 6P3/2 2236.073 1.01±0.01[-1] 4.55±0.08[6] 6.1[6] 3.41±0.06[-3] 4.6[-3]
8D3/2 7P1/2 5785.754 6.08±0.05[0] 1.59±0.01[7] 1.59[7] 1.59±0.01[-1] 1.59[-1]
8D3/2 7P3/2 6001.568 1.21±0.01[0] 2.84±0.03[6] 2.86[6] 1.53±0.01[-2] 1.54[-2]
8D3/2 8P1/2 18747.126 1.46±0.01[2] 1.12±0.01[7] 1.18±0.01[0]
8D3/2 8P3/2 19874.192 3.43±0.04[1] 2.21±0.03[6] 1.31±0.01[-1]
8D5/2 6P3/2 2233.479 9.46±0.17[-1] 2.87±0.05[7] 3.7[7] 3.22±0.05[-2] 4.1[-2]
8D5/2 7P3/2 5982.918 1.11±0.01[1] 1.75±0.01[7] 1.73[7] 1.41±0.01[-1] 1.39[-1]
8D5/2 8P3/2 19671.134 2.93±0.04[2] 1.30±0.01[7] 1.13±0.01[0]
Table J
Comparison of some of our determined E1 transition probabilities (108 per sec) in Mg+ with other available theoretical
and experimental data.
State Present Theory(others) Experiment
Upper (v) Lower (k)
3P1/2 3S1/2 2.58±0.11 2.576 [72], 2.546±0.042 [70] 2.579±0.017 [73]
3P3/2 3S1/2 2.60±0.09 2.597 [72], 2.563±0.043 [70] 2.602±0.025 [73]
2.604±0.067 [52]
4P1/2 3S1/2 0.014±0.001 0.0144 [72], 0.0154±0.0002 [70],0.015±0.001 [71] 0.0138±0.0008 [74]
4P3/2 3S1/2 0.0123±0.0007 0.0129 [72] 0.0137±0.0001 [70],0.0134±0.0004 [71] 0.0138±0.0008 [74]
5S1/2 4P1/2 0.2647±0.0001 0.258 [72], 0.258 [68], 0.265 [69]
5S1/2 4P3/2 0.5288±0.0002 0.513 [72], 0.512 [68], 0.529 [69]
4P3/2 3D5/2 0.1501±0.0001 0.152 [72], 0.144 [68], 0.143 [69]
4P1/2 3D3/2 0.1654±0.0001 0.168 [72], 0.158 [68], 0.158 [69]
4P3/2 3D3/2 0.01666±0.00002 0.0169 [72], 0.016 [68], 0.0159 [69]
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4F5/2 3D5/2 0.1528±0.0002 0.153 [72], 0.147 [68], 0.151 [69]
4F7/2 3D5/2 2.292±0.001 2.293 [72], 2.21 [68], 2.27 [69]
4F5/2 3D3/2 2.138±0.001 2.152 [72], 2.06 [68], 2.12 [69]
5P1/2 5S1/2 0.0881±0.0002 0.0888 [72], 0.0885 [68], 0.0885 [69]
5P3/2 5S1/2 0.0887±0.0002 0.0895 [72], 0.0893 [68], 0.0892 [69]
5D3/2 5P1/2 0.1772±0.0001 0.224 [72], 0.180 [68], 0.180 [69]
5D3/2 5P3/2 0.03532±0.00001 0.045 [72], 0.0358 [68], 0.0358 [69]
5D5/2 5P3/2 0.2119±0.0001 0.270 [72], 0.215 [68], 0.215 [69]
Table K
Comparison of some of our E1 transition probabilities (108 per sec) in Ca+ with other available theoretical and exper-
imental literature data.
State Present Theory(others) Experiment
Upper (v) Lower (k)
5S1/2 4P3/2 1.71±0.01 1.705[29], 1.65 [32], 1.701 [33], 1.687 [34] 1.57±0.11 [31], 1.5±0.2 [53]
5S1/2 4P1/2 0.855±0.006 0.855[29], 0.84 [32], 0.867 [33],0.845 [34] 0.837±0.059 [31], 0.8±0.1 [53]
6S1/2 4P3/2 0.641±0.003 0.642[29], 0.62 [32], 0.6146 [33], 0.644 [34] 0.396±0.048 [31]
6S1/2 4P1/2 0.323±0.001 0.323[29], 0.313 [32], 0.3111 [33], 0.323 [34] 0.208±0.025 [31]
4D3/2 4P1/2 2.94±0.03 2.944[29], 3.05 [32], 2.984 [33], 2.85 [34] 2.83±0.20 [31], 3.0±0.2 [53]
4D3/2 4P3/2 0.584±0.006 0.584[29], 0.60 [32], 0.587 [33], 0.565 [34] 0.71±0.09 [31]
4D5/2 4P3/2 3.51±0.04 3.506[29], 3.59 [32], 3.573 [33], 3.396 [34] 3.44±0.24 [31], 3.2±0.2 [53]
5D5/2 4P3/2 0.96±0.02 0.958[29], 1.10 [32], 0.981 [33],1.012 [34] 0.593±0.071 [31], 1.4±0.2 [53]
5D3/2 4P1/2 0.81±0.01 0.810[29], 0.93 [32], 0.816 [33], 0.855 [34] 0.421±0.051 [31]
4P1/2 4S1/2 1.36±0.01 1.360[29], 1.352 [30], 1.352 [36], 1.329 [37] 1.355±0.004 [43]
4P3/2 4S1/2 1.39±0.01 1.397[29], 1.358 [30], 1.389 [36], 1.369 [37]
4P3/2 3D3/2 0.0099±0.0001 0.009[29], 0.0105 [30], 0.009 [36], 0.009 [37]
4P3/2 3D5/2 0.0887±0.0009 0.088[29], 0.0843 [30], 0.082 [36], 0.085 [37]
Table L
Comparison of some of our E1 transition probabilities (108 per sec) in Sr+ with the available theoretical and experimental
data.
State Present Theory(others) Experiment
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Upper (v) Lower (k)
5P1/2 4D3/2 0.075±0.001 0.0725 [36], 0.0901 [75], 0.154 [76] 0.0746±0.0014 [44], 0.095±0.02 [47]
5P3/2 4D3/2 0.0096±0.0002 0.0092 [36], 0.0116 [75], 0.018 [76] 0.010±0.02 [47]
5P3/2 4D5/2 0.081±0.001 0.0776 [36], 0.0957 [75] 0.08010±0.00089 [45], 0.087±0.015 [47]
5P1/2 5S1/2 1.28±0.02 1.265 [36], 1.646 [75], 1.489 [76] 1.279±0.013 [44], 1.27±0.05 [47]
5P3/2 5S1/2 1.41±0.01 1.396 [36], 1.819 [75], 1.637 [76] 1.425±0.015 [45], 1.43±0.06 [47]
4F5/2 4D3/2 2.87±0.07 3.428 [75], 4.583 [76]
4F5/2 4D5/2 0.206±0.005 0.241 [75]
4F7/2 4D5/2 3.10±0.07 3.617 [75]
Table M
Comparison of some of our E1 transition probabilities (108 per sec) in Ba+ with other theoretical and experimental
data.
State Present Theory(others) Experiment
Upper (v) Lower (k)
6P1/2 5D3/2 0.349±0.005 0.332 [42], 0.32609 [77] 0.33±0.04 [47], 0.343±0.015 [46], 0.341±0.001 [49]
6P3/2 5D3/2 0.0455±0.0007 0.043 [42], 0.04255 [77] 0.048±0.006 [47], 0.0469±0.0029 [46]
0.0447±0.0001 [50], 0.0445±0.0001 [49]
6P3/2 5D5/2 0.374±0.005 0.358 [42], 0.3493 [77] 0.37±0.04 [47], 0.377±0.017 [46]
0.3677±0.0004 [50], 0.365±0.001 [49]
6P1/2 6S1/2 0.94±0.02 0.912 [42], 0.9368 [77] 0.9316±0.011 [48], 0.95±0.07 [47], 0.95±0.05 [46]
6P3/2 6S1/2 1.18±0.02 1.154 [42], 1.1937 [77] 1.1846±0.0014 [48] 1.18±0.08 [47], 1.06±0.04 [46]
Table N
Wavelengths λ (in A˚), line strengths Svk (in a.u.), transition probabilitiesAvk (in s
−1) and absorption oscillator strengths
fkv in the Ca
+, Sr+ and Ba+ alkaline earth metal ions due to E2 channel. Values given in parentheses represent the
power of 10.
Transition λ Svk Avk fkv
Present Others(Th, Exp) Present Others(Th, Exp)
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Ca+
3D5/2 → 4S1/2 7293.477 9.141(1) 0.827±0.008(0) 0.8567±0.0108(0) [81] 1.98±0.02(-8) 2.049±0.025(-8) [81]
0.853±0.002(0) [79] 2.041±0.005(-8) [79]
0.8892±0.0049(0) [78] 2.127±0.012(-8) [78]
1.3(0) [35] 3.110(-8) [35]
3D3/2 → 4S1/2 7325.905 6.065(1) 0.805±0.007(0) 0.8662±0.0049(0) [78] 1.29±0.01(-8) 1.393±0.007(-8) [78]
1.3(0) [35] 2.092(-8) [35]
3D5/2 → 3D3/2 1647717.911 1.360(1) 2.09±0.02(-13) 2.207±0.028(-13) [78] 1.27±0.01(-16) 1.347±0.017(-16) [78]
∼0.0 [79] ∼0.0 [79]
Sr+
4D5/2 → 5S1/2 6740.252 1.849(2) 2.48±0.02(0) 2.509±0.020(0) [78] 5.07±0.04(-8) 5.126±0.041(-8) [78]
2.559(0) [35] 5.228(-8) [35]
4D3/2 → 5S1/2 6870.066 1.212(2) 2.22±0.02(0) 2.245±0.018(0) [78] 3.14±0.03(-8) 3.177±0.025(-8) [78]
2.299(0) [35] 3.253(-8) [35]
4D5/2 → 4D3/2 356709.709 3.486(1) 1.126±0.009(-9) 1.130±0.019(-9) [78] 3.22±0.03(-14) 3.233±0.054(-14) [78]
Ba+
5D5/2 → 6S1/2 17621.744 2.449(2) 2.69±0.05(-2) 2.662±0.005(-2) [78] 3.76±0.06(-9) 3.717±0.007(-9) [78]
2.607(-2) [80] 3.641(-9) [80]
5D3/2 → 6S1/2 20517.652 1.562(2) 1.20±0.02(-2) 1.192±0.003(-2) [78] 1.52±0.02(-9) 1.504±0.004(-9) [78]
1.219(-2) [80] 1.538(-9) [80]
5D5/2 → 5D3/2 124850.959 4.421(1) 2.72±0.05(-7) 2.622±0.010(-7) [78] 9.53±0.17(-13) 9.191±0.035(-13) [78]
2.649(-7) [80] 9.285(-13) [80]
Table O
Wavelengths λ (in A˚), line strengths Svk (in a.u.), transition probabilitiesAvk (in s
−1) and absorption oscillator strengths
fkv in the Ca
+, Sr+ and Ba+ alkaline earth metal ions due to M1 channel. Values given in parentheses represent the
power of 10.
State λ Svk Avk fkv
Upper (v) Lower (k) Present Others Present Others
Ca+
3D3/2 4S1/2 7325.905 ∼0 ∼0 1.947±0.061(-11) [78] ∼0 ∼0 [78]
3D5/2 3D3/2 1647717.911 2.399(0) 2.412(-6) 2.422±0.011(-6) [78] 1.472(-9) 1.478±0.006(-9) [78]
2.5(-6) [79], 2.41(-6) [35] 1.526(-9) [79]
36
1.471(-9) [35]
Sr+
4D3/2 5S1/2 6870.066 ∼0 ∼0 1.223±0.027(-11) [78] ∼0 ∼0 [78]
4D5/2 4D3/2 356709.709 2.400(0) 2.377(-4) 2.378±0.001(-4) [78] 6.802(-9) 6.804±0.003(-9) [78]
Ba+
5D3/2 6S1/2 20517.652 6.4(-7) 3.123(-8) 2.696±0.026(-11) [78] 3.942(-15) 3.402±0.032(-18) [78]
3.189(-13) [80] 4.025(-20) [80]
5D5/2 5D3/2 124850.959 2.400(0) 5.545(-3) 5.543±0.002(-3) [78] 1.944(-8) 1.943±0.001(-8) [78]
5.573(-3) [80] 1.953(-8) [80]
Table P
Lifetimes (in s) of a few excited states of the Mg+ ion from the present work and from other available literature data.
The numbers in parentheses represent powers of 10.
State Present Th (Others) Experiment
3P1/2 3.875±0.002(-9) 3.881(-9) [72], 3.872(-9) [82], 3.85(-9) [83], 3.64(-9) [69] 3.854±0.030(-9) [73]
3P3/2 3.84±0.14(-9) 3.850(-9) [72], 3.842(-9) [82], 3.81(-9) [83], 3.61(-9) [69] 3.84±0.10(-9) [52], 3.810±0.040(-9) [73]
3.67±0.18(-9) [51]
4S1/2 2.88±0.08(-9) 2.90(-9) [83], 2.95(-9) [69]
3D3/2 2.071±0.004(-9) 2.04(-9) [83], 1.96(-9) [69]
3D5/2 2.08±0.03(-9) 2.05(-9) [83], 1.97(-9) [69]
4P1/2 18.49±0.04(-9) 18.8(-9) [83], 19.0(-9) [69]
4P3/2 18.41±0.03(-9) 18.7(-9) [83], 18.8(-9) [69]
5S1/2 5.02±0.02(-9) 5.04(-9) [83], 5.05(-9) [69]
4D3/2 7.80±0.02(-9) 7.43(-9) [83], 7.31(-9) [69]
4D5/2 7.857±0.006(-9) 7.46(-9) [83], 7.35(-9) [69]
4F5/2 4.363±0.001(-9) 4.41(-9) [83], 4.28(-9) [69]
4F7/2 4.364±0.002(-9) 4.41(-9) [83], 4.28(-9) [69]
5P1/2 43.70±0.46(-9) 45.5(-9) [83], 48.3(-9) [69]
5P3/2 43.71±0.47(-9) 45.5(-9) [83],48.2(-9) [69]
6S1/2 8.72±0.17(-9) 8.76(-9) [83], 8.18(-9) [69]
5D3/2 19.69±0.07(-9) 18.3(-9) [83], 18.1(-9) [69]
5D5/2 20.00±1.00(-9) 18.4(-9) [83], 18.2(-9) [69]
5F5/2 8.29±0.17(-9) 8.41(-9) [83], 8.14(-9) [69]
5F7/2 8.293±0.004(-9) 8.41(-9) [83], 8.14(-9) [69]
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Table Q
Lifetimes (in s) of a few excited states of Ca+ from the present work and from other available literature data. The
numbers in parentheses represent powers of 10.
State Present Theory(others) Experiment
3D3/2 1.24±0.01 1.243[42], 1.271[36], 1.200[85], 1.20[86] 1.20±0.01[89], 1.17±0.05[90]
1.185±0.007[84], 1.143±0.001[88], 1.196±0.011[87] 1.176±0.011[87]
3D5/2 1.21±0.01 1.209[42], 1.236[36], 1.165±0.011(-9)[87] 1.168±0.009[87], 1.168±0.007 [89]
1.110±0.009[84], 1.170[85], 1.114±0.001[88], 1.163 [86] 1.152±0.020 [91], 1.177±0.010[94]
4P1/2 6.87±0.06(-9) 6.88±0.06(-9)[29], 6.870(-9)[85], 6.875(-9)[38], 6.904±0.026 [43], 6.96±0.35(-9)[93]
7.098±0.020(-9)[92]
6.94(-9)[36], 6.931(-9)[30], 6.94±0.01(-9)[88]
4P3/2 6.69±0.06(-9) 6.69±0.06(-9) [29], 6.681(-9)[85], 6.75(-9)[36], 6.686(-9)[38], 6.639±0.042 [55], 6.71±0.25(-9)[93]
6.833(-9)[37], 6.881(-9)[30], 6.75±0.01(-9)[88] 6.924±0.019(-9)[92], 6.72±0.20(-9)[51]
5S1/2 3.91±0.02(-9) 3.91±0.04(-9)[29], 4.153(-9)[23] 4.3±0.4(-9)[53],3.4±0.4[54]
4D3/2 2.83±0.03(-9) 2.83±0.03(-9)[29], 2.868(-9)[23] 2.9±0.3(-9)[54]
4D5/2 2.85±0.03(-9) 2.85±0.03(-9)[29], 2.886(-9)[23] 3.1±0.2(-9)[53]
5P1/2 35.36±0.56(-9) 35.4±0.7(-9)[29], 36.200(-9)[23]
5P3/2 34.74±0.50(-9) 34.8±0.7(-9)[29], 35.349(-9)[23]
4F5/2 3.55±0.05(-9) 3.55±0.07(-9)[29], 3.895(-9)[23]
4F7/2 3.54±0.06(-9) 3.54±0.07(-9)[29], 3.897(-9)[23]
6S1/2 6.392±0.002(-9) 6.39±0.02(-9)[29], 6.766(-9)[23]
5D3/2 6.16±0.06(-9) 6.16±0.13(-9)[29],6.148(-9)[23] 4.3±2.0(-9)[53]
5D5/2 6.21±0.07(-9) 6.21±0.14(-9)[29], 6.199(-9)[23]
6P1/2 89.00±2.00(-9) 89±2(-9)[29], 100.254(-9)[23]
6P3/2 90.00±2.00(-9) 90±2(-9)[29], 99.675(-9)[23]
5F5/2 6.35±0.06(-9)
5F7/2 6.34±0.07(-9)
7S1/2 10.64±0.02(-9) 10.63±0.03(-9)[29], 11.262(-9)[23]
6D3/2 11.65±0.14(-9)
6D5/2 11.77±0.16(-9)
Table R
Lifetimes (in s) of a few excited states of Sr+ from the present work and from other available literature data. The
numbers in parentheses represent powers of 10.
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State Present Theory(others) Experiment
4D3/2 0.451±0.003 0.445±0.003 [78], 0.4509[42], 0.454[36] 0.435±0.004[96], 0.435±0.004[95], 0.395±0.038[98]
0.441[85], 0.426±0.008[84]
4D5/2 0.403±0.003 0.398±0.003 [78], 0.4029[42], 0.405[36] 0.372±0.025[97], 0.408±0.022 [95], 0.345±0.033 [98]
0.396[85], 0.357±0.012[84]
5P1/2 7.38±0.08(-9) 7.383(-9)[42], 7.48(-9)[36],7.43(-9)[85] 7.39±0.07(-9)[57], 7.47±0.07(-9)[56], 7.35±0.03(-9) [47]
5P3/2 6.65±0.07(-9) 6.660(-9)[42], 6.74(-9) [36], 6.697(-9)[85] 6.63±0.07(-9)[57], 6.69±0.07(-9)[56], 6.53±0.02(-9)[47]
6S1/2 4.42±0.02(-9)
5D3/2 3.51±0.03(-9)
5D5/2 3.58±0.04(-9)
6P1/2 41.54±0.26(-9)
6P3/2 37.09±0.25(-9)
4F5/2 3.00±0.07(-9) 3.09±0.06(-9)[57]
4F7/2 2.99±0.06(-9) 2.97±0.05(-9)[57]
7S1/2 7.21±0.01(-9)
6D3/2 6.63±0.03(-9)
6D5/2 6.79±0.04(-9)
7P1/2 115.00±1.00(-9)
7P3/2 110.79±0.97(-9)
5F5/2 5.15±0.06(-9)
5F7/2 5.13±0.06(-9)
8S1/2 11.94±0.12(-9)
7D3/2 11.55±0.04(-9)
7D5/2 11.86±0.05(-9)
8P1/2 233.00±13.00(-9)
8P3/2 244.00±14.00(-9)
Table S
Lifetimes (in s) of a few excited states of Ba+ from the present work and from other available literature data. The
numbers in parentheses represent powers of 10.
State Present Th(others) Experiment
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5D3/2 83.00±1.00 83.26[42], 83.7[36], 82.0 [80] 79.8±4.6[100], 89.4±15.6 [80]
81.5[99], 81.4 [77], 80.086±0.714[84]
5D5/2 30.81±0.65 30.88 [42], 30.3[99], 31.6 [80], 30.14±0.40 [50], 32.0±4.6 [80], 31.2±0.9 [103]
37.2[36],36.5 [77], 29.856±0.296[84] 34.5±3.5[101], 47±16 [102]
6P1/2 7.76±0.11(-9) 7.79(-9) [42], 7.99(-9)[36], 7.89(-9)[99] 7.74±0.40(-9)[47], 7.90±0.10(-9)[57]
7.92±0.10(-9)[41], 7.92(-9) [77] 7.855±0.010 [49], 7.92±0.08(-9)[56]
6P3/2 6.22±0.09(-9) 6.24(-9)[42], 6.30(-9)[99] ,6.30±0.17(-9) [41] 6.2615±0.0072 [50], 6.271±0.008 [49],
6.39(-9)[36], 6.31(-9) [77] 6.31±0.07(-9)[56], 6.27±0.25(-9)[47]
6.32±0.10(-9)[57]
7S1/2 5.12±0.04(-9)
6D3/2 4.18±0.06(-9)
6D5/2 4.43±0.07(-9)
7P1/2 36.00±0.53(-9) 31.8±1.3(-9)[57]
7P3/2 27.33±0.32(-9) 24.5±0.08(-9)[57]
8S1/2 8.19±0.03(-9)
8P1/2 91.00±2.00(-9)
8P3/2 73.13±0.95(-9)
5. Conclusion
In the present work, electric dipole matrix elements between many excited states of the alkaline earth ions are reported
by analyzing results from four different approximations in the singles and doubles all-order theory and accounting for
the valence triple excitations in the perturbative approach. The final values are recommended based on the correlation
contributions to energies to obtain the values agreeing with the experimental results. This includes 84 transitions in
Mg+, 84 transitions in Ca+, 104 transitions in Sr+ and 60 transitions in Ba+. By combining our calculated electric dipole
matrix elements with the experimental values, we have also estimated oscillator strengths, transition probabilities and
lifetimes of many high-lying excited states of the above ions. We have also estimated the magnetic dipole and electric
quadrupole transition matrix elements of the metastable states of the Ca+, Sr+ and Ba+ alkaline-earth metal ions. These
results are further used to estimate the oscillator strengths and transition probabilities of the forbidden transitions, and
the lifetimes of the metastable states. We have compared our results with the available theoretical and experimental
literature. There were no data available for the comparison purpose with some of our estimated values, however, we
believe that these results are of similar accuracy as the other results that agree well with the experimental values and
calculations made using different many-body methods. The reliability of our results is additionally emphasized by the
fact that the comparison of the values from the length and velocity gauge expressions of E1 matrix elements present
a very good agreement with each other and differences are within the estimated uncertainties. Also, at many places
our results demonstrate very good agreement with the most recent experimental measurements wherever available.
All these reported results will serve as excellent benchmarks for comprehending radiative properties of the undertaken
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alkaline-earth metal ions.
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